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Anodic films have been produced on zirconium and zirconium alloys 
potentiostatically (at either 20 or 40 V) in 0.35 M ammonium fluoride in glycerol, 
with interest in the addition of small amounts of water (up to 5 vol.%) to the 
electrolyte on their growth, morphologies and compositions.  
Scanning and transmission electron microscopies have been employed to analyse 
morphologies of the films, which appeared to be porous under all the investigated 
conditions. 
Rutherford backscattering spectroscopy and nuclear reaction analysis, used as 
techniques to investigate film compositions, disclosed the presence of zirconium, 
oxygen, fluorine, carbon and nitrogen in the films. The contents of fluorine and 
oxygen in the films were found to increase and decrease respectively by decreasing 
the amount of water added to the electrolyte from 5 to 0 vol.%. Moreover, the 
content of fluorine increased by decreasing the applied formation voltage, from 40 to 
20 V, for films formed in electrolytes containing similar amounts of added water. 
In order to get information on the distribution of the species in the films, cross-
sections of selected specimens were produced by focused ion beam and analysed by 
analytical transmission electron microscopy. Oxide-rich nanotubes were revealed 
embedded in a fluoride-rich matrix, suggesting that the mechanism of growth of the 
anodic films is governed by different migration rates of the anionic species in the 
film base, with F- ions, being the fastest anions. The relative amounts of the oxide-
rich and fluoride-rich materials were related to the composition of the electrolyte, 
with the fluoride regions being less extensive and the oxide-rich nanotubes being 
thicker-walled by adding small amounts of water. Moreover, nanotubes are 
constituted of two shells (an outer one surrounding the pores and an inner one 
located between the outer shell and the matrix), suggesting differences in the 
composition in these two regions, presumed to be due to the incorporation of carbon 
species, being the slowest migrating species, in the outer shell. 
The fluoride-rich matrix chemically dissolved following 1 h immersion of the 
specimens in the formation electrolytes, promoting the transition from porous to 
nanotubular morphologies. Ageing of the specimens in deionized water for similar 
times did not significantly influence the morphologies and compositions of the 
anodic films. 
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Introduction 
Aims 
Recently, the formation of zirconium oxide nanotubes has attracted the attention 
of many researchers due to the potential applications of the nanotubes in 
nanotechnologies. Porous or nanotubular films have been formed by anodizing 
zirconium, under potentiostatic conditions, in either organic or aqueous electrolytes 
containing fluoride ions; however, the results reported in the literature were mainly 
focused on choosing the experimental conditions leading to good nanotubular 
morphologies, whereas the transition from a porous to a nanotubular morphology, the 
role played by F- ions during anodizing, and the variations in film morphologies due 
to additions of water to organic electrolytes have not been explained. Although the 
presence of fluorine was detected in the films, by X-ray photoelectron spectroscopy 
and/or analytical electron microscopy, no efforts have been made to investigate the 
film compositions in detail and the distributions of species within the films, which 
could be useful to understand how the films grow. Moreover, in most of the cases, 
the mechanism of growth of the porous/nanotubular anodic films is suggested to be 
governed by simultaneous formation and dissolution of zirconium oxide, although it 
is not supported by any experimental evidence.  
The aim of this work is to carry out a systematic study on the growth, and 
subsequent characterization, of anodic films formed on zirconium and zirconium 
alloys under potentiostatic conditions (at either 20 or 40 V) in 0.35 M ammonium 
fluoride in glycerol. Small amounts of water (up to 5 vol.%) were added to the 
electrolyte in order to investigate their influences on the growth, morphologies and 
compositions of the films. Rutherford backscattering spectroscopy and nuclear 
reaction analysis were employed as techniques to determine film compositions, 
whereas information on the distribution of the main species present in the films was 
obtained by observing, using analytical transmission electron microscopy, cross-
sections of selected specimens prepared by focused ion beam. The films, which were 
porous under all the investigated conditions, consisted of oxide-rich nanotubes 
embedded in a fluoride-rich matrix, suggesting that the mechanism of growth of the 
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present anodic films is governed by different migration rates of the anionic species in 
the film base, with F- ions, being the fastest anions.  
 
Structure of the thesis 
A generic literature review on the growth and properties of anodic films on 
aluminium and tantalum (principally barrier-type films) and the main findings on 
anodic films formed on zirconium are reported in Chapter 1. An experimental 
chapter follows (Chapter 2): substrate preparation, anodizing conditions and 
techniques employed to investigate morphologies, structures and compositions of the 
substrates and anodic films are described.  
Results are then reported and discussed in Chapters 3 - 7.  
Chapter 3 is dedicated to the preparation and characterization of the zirconium 
substrates (sputtered and chemically-etched zirconium); in Chapter 4, results related 
to anodic films formed on the zirconium substrates at 40 V in 0.35 M ammonium 
fluoride in glycerol are reported and compared for the two zirconium substrates.  
The effect of ageing the films is considered in Chapter 5; a transition from a 
porous to a nanotubular morphology and variations in film compositions, both due to 
the dissolution of the fluoride-rich matrix, were observed following immersion of the 
chemically-etched zirconium anodized under the conditions reported in Chapter 4 in 
the formation electrolyte for different times (up to 24 h). Ageing in deionized water 
for similar times did not significantly affect the morphologies and compositions of 
the films.  
The influences of the applied potential on the growth, morphologies and 
compositions of the films are considered in Chapter 6, by the anodizing chemically-
etched zirconium at 20 V in electrolytes similar to those employed in Chapter 4. 
Chapter 7 is dedicated to the characterization of Zr-Si and Zr-W alloys and of 
porous films formed by anodizing the alloys at 40 V in 0.35 M ammonium fluoride 
in glycerol. Morphologies, structures and compositions of the films are compared 
with those of the films formed on the sputtered zirconium and chemically-etched 
zirconium under similar conditions. The choice of Si and W, as alloying elements, 
was made in expectation of a “marker/tracer” behaviour of Si4+ and W6+ ions in the 
films. 
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Finally, overall conclusions are summarized, with suggestions of possible future 
work.
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Chapter 1 - Literature review  
An overview on anodic films formed on valve metals is presented in Section 1.1. 
The possible morphologies and structures of the films are indicated in Section 1.1.1, 
whereas Section 1.1.2 points out briefly the influences of the pretreatment and 
anodizing conditions on the compositions of the films. The main findings on the 
mechanism of film growth are indicated in Section 1.1.3, which are principally 
focused on the growth of barrier-type films on aluminium and tantalum, as the best 
known cases. Section 1.1.4 is dedicated to recent efforts made to explain the 
mechanism of growth of porous anodic films on aluminium. Attention is then 
focused on the literature related to anodic films formed on zirconium. Section 1.2.1 
indicates the thermodynamic domain of stability of zirconium oxides, whereas 
variations in the morphologies, structures and compositions of the films with the 
pretreatment of the zirconium substrate and anodizing conditions are reported in 
Sections 1.2.2, 1.2.3 and 1.2.4 respectively. In Section 1.2.5, the relatively little 
information on the possible mechanisms of growth of barrier-type films on zirconium 
is reported. Finally, Section 1.2.6 is dedicated to the formation of nanotubular anodic 
films on zirconium.  
 
1.1 - Anodic films formed on valve metals 
For many years researchers have investigated the formation and properties of 
oxide films because of their important attractive industrial applications, for example, 
as protective coatings of underlying metals or dielectric materials for electrolytic 
capacitors.  
A thin oxide film (formed in air) usually covers the surface of most metals and 
alloys. The air-formed films can offer more or less protection to the underlying metal 
in corrosive environments depending on their properties. “Passivity” is a state of 
improved corrosion resistance of a metal, under particular conditions in which the 
metal is thermodynamically reactive, because of the formation of a stable film that 
inhibits the anodic dissolution of the metal. Passivation can occur not only when 
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metals are immersed in a solution containing enough oxidizing agent (“self-
passivation”), but also when they are polarized anodically in an appropriate 
electrolyte. Such polarization leads to the formation and growth of oxide films on the 
surfaces of the metals. Anodizing may be carried out by applying either a constant 
current density, i, (film growth under galvanostatic conditions) or a constant voltage, 
U, (film growth under potentiostatic conditions) to an electrochemical cell, 
consisting of a working electrode (the “chosen” metal), as the anode, a counter 
electrode, as the cathode (in order to complete the electric circuit), and a reference 
electrode.  
 Figure 1.1 displays a typical anodic polarization curve recorded 
potentiodynamically by applying a slow linear potential scan rate over a potential 
range from U0 to UG/H (with U0 being the initial potential of the system) [1]. The 
dashed line (U0ABC) in the polarization curve corresponds to the logarithmic 
dependence of the current density on the electrode potential, which is related to the 
anodic process of metal dissolution in the active state (following Tafel behaviour), 
according to the reaction of (eq. 1.1): 
−+ +→ zeMM z
         
(eq. 1.1) 
The metal dissolution is then followed by solvation of metal ions in the 
electrolyte. The anodic reaction of metal dissolution increases by increasing the 
potential; however, at the point B, corresponding to the Flade potential, UFlade, a 
deviation from the logarithmic dependence of the current on the potential occurs. At 
UFlade, the anodic process, which leads to the formation of the oxide film, occurs 
simultaneously with the metal dissolution, according to the reaction: 
++ +→+ zHMO
2
1OH
2
zM
2
z2
z
       (eq. 1.2) 
At the point D, corresponding to the passive potential, UP, the metal dissolution 
is counterbalanced by the oxide formation. When the electrode potential increases 
above UP, the rate of film growth exceeds the rate of metal dissolution and a sharp 
decrease in the current density is observed in the polarization curve. Apparently the 
formation of the film is completed upon reaching a steady value at the point E 
(corresponding to UPS). From the point E, the current (thus the rate of the anodic 
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reaction) becomes almost independent of the potential and is determined by the 
potential scan rate and the rate of dissolution of the protective film in the electrolyte. 
At the point F, when the potential 
2OU is achieved, oxygen evolution occurs on 
the film, following the reaction: 
−+ ++→ e4H4OOH2 22         (eq. 1.3) 
In the region FH of the polarization curve, the increase of current is due to the 
oxygen evolution that is controlled by the overpotential of oxygen discharge on the 
surface of the oxide. Conversely, anodic oxide films grown on some metals, called 
“valve metals”, behave as electron-insulators. In this case, under high electric fields, 
the current that flows during anodic polarization results from ionic transport, without 
destruction of the film. Film thickening, as the result of the ionic current passed, is 
accompanied by a significant potential shift, which can reach several hundred of 
volts, depending on the stability of the grown oxide (region FG). Electric breakdown 
of the film is usually accompanied by local emission of light or sparks due to 
electron avalanching and extensive oxygen evolution over the electrode surface. 
Some of the main valve metals, which show the described typical behaviour [2], are 
Ta, Nb, Al, Ti, Zr, Hf, Bi, Sb, W, Ta, Nb and Al. Other metals, such as Be, Mg, Si, 
Ge, Sn and U, are also included in this group because their anodic behaviour is 
similar to that of Ta, Nb and Al under specific conditions. Passive films formed on 
valve metals can be thickened in the absence of secondary anodic reactions, e.g. 
oxygen evolution or metal dissolution, in a wide range of electrolytes, including 
relatively strong acid and alkaline solutions.  
 
1.1.1 - Morphology and structure of anodic oxide films 
Depending on the conditions chosen to anodize a valve metal, the morphology 
and structure of the resulting anodic film can drastically change. A key-role is played 
by the electrolyte: if the formed film is relatively insoluble in the electrolyte, a more 
or less compact barrier-type film can be obtained. General thermodynamic 
information (valid at 298 K) on fields of stability of oxides is reported in Pourbaix 
diagrams, as a function of the pH of the solution and the applied potential [3]. In 
Chapter 1 - Literature Review 
 
34 
contrast, porous films may be obtained in electrolytes in which the formed films are 
partially soluble. Porous films can be obtained if film formation and local dissolution 
occur simultaneously. The structure of anodic films may be amorphous or crystalline, 
or mixed, depending mainly on the considered valve metal and the chosen 
experimental conditions (e.g. surface pretreatment, current density or voltage, 
temperature, electric field, electrolyte).  
 
1.1.1.1 - Morphology of barrier-type anodic films  
As illustrated in the schematic diagram of Fig. 1.2, showing an ideal barrier-type 
anodic film, the thickness of the film is uniform and the metal/oxide and 
oxide/electrolyte interfaces are flat and parallel to each other. The “apparent” electric 
field strength across the oxide - given by the ratio of the applied voltage to the film 
thickness - is the same at any position in the oxide [2]. 
For films grown under galvanostatic conditions, the oxide thickness is dependent 
on the final formation voltage, Uf, and can be easily determined using the anodizing 
ratio, AR. This is given by the ratio of the film thickness to the potential drop across 
the film - in other words, it is the inverse of the electric field strength across the 
oxide - and it has a characteristic value for each valve metal that is approximately 
independent of the experimental conditions imposed during anodizing [4].  
In reality, barrier-type films can show heterogeneity due to the influences of the 
morphology of the substrate (e.g. geometrical defects related to its pretreatment) 
and/or differences in composition related to impurities (from the substrate and/or 
electrolyte), and/or to intermetallic compounds and precipitates present in the 
substrate [5]. 
 
1.1.1.2 - Morphology of porous anodic films 
Porous anodic films on aluminium are the most extensively studied porous films 
because of their interesting technological and industrial applications [6-8]. Thus, in 
order to explain the formation and growth of porous films, porous alumina films are 
considered in this Section as the best known case. 
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Keller et al. [9] investigated, by transmission electron microscopy, the 
morphological features of porous anodic alumina; these films consist of close-
hexagonal packed cells of oxide, each of which was suggested to contain a central 
star-shaped pore; a scalloped barrier layer is present at the base of the pores. Wood 
and Walsh [10] confirmed these features for porous alumina films.  
Analysing carbon replicas of sections of anodic films, Wood and O’ Sullivan 
[11, 12] proposed a geometrical model of the porous anodic films on aluminium. The 
authors showed that a cylindrical pore is present at the centre of each oxide cell (see 
Fig. 1.3). The thickness of the barrier layer at the base of the porous film, xb, can be 
determined from the product of the anodizing ratio and the final formation voltage, 
for films grown under galvanostatic conditions. The thickness of the pore wall, xw, 
and the pore diameter, Dpore, usually have sizes similar to that of the barrier layer, xb. 
Therefore the pore population density, P (the number of pores in a unit area), 
decreases with increase of the final formation voltage [13]. The porosity, a, is 
defined as the ratio of the volume occupied by pores to the total volume of the film. 
It can be expressed approximately - ignoring the thickness of the barrier layer - as: 
4
D
Pa
2
pore
pi=          (eq. 1.4) 
The porosity has been determined by the technique of “pore-filling” proposed by 
Dekker and Middelhoek [14], later improved by Takahashi and Nagayama [15]. In 
general, the porosity lies between 0.1 and 0.2 and decreases with increase of the 
applied current density. 
 
1.1.2 - Composition of anodic films 
During anodizing, the incorporation of anions and water from the electrolyte 
may occur at the oxide/electrolyte interface. The amount of anions incorporated into 
the film is controlled by the type of film; e.g. it is greater in porous films than in 
barrier-type films.  
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1.1.3 - Kinetics of growth of barrier-type anodic films 
This Section is dedicated to the main theories of the kinetics of growth of 
barrier-type anodic films on valve metals. Firstly, attention is focused on the 
fundamental treatment of ionic conductivity across oxide films for typical (and most 
studied) valve metals, such as aluminium and tantalum (see Section 1.1.3.1). After 
considering the high-field theories (Section 1.1.3.2), deviations from the high-field 
theories are summarized (Section 1.1.3.3) and some literature about the mechanism 
of film growth based on transient behaviour is reported (Section 1.1.3.4). Findings on 
the ion transport mechanism are then considered (Section 1.1.3.5), based on marker 
or tracer studies.  
 
1.1.3.1 - Ionic charge transport across anodic films 
During formation of anodic films on valve metals, the electric field strength 
across the film, which generates current conductivity through the film, usually lies in 
the range of 106 - 107 V cm-1. Because of the insulating character of the oxides, the 
current which contributes to film growth is carried by ionic migration across the film. 
Any electric current, i.e. leakage current, leads to oxygen evolution by the anodic 
reaction of oxygen discharge, following the reaction of (eq. 1.3). Oxygen evolution is 
very slow on oxide surfaces because of the high overpotentials required by the 
process below the breakdown voltage of the film. 
Studying the behaviour of anodic films on aluminium and tantalum, 
Guntherschultze and Betz [16-20] proposed the following relationship between the 
ionic current density, i, and the electric field, E: 
)BEexp(Ai =           (eq. 1.5) 
The ionic current is determined by the height of the potential energy barrier 
corresponding to the rate determining step of the overall process. Thus, the electric 
field assists the diffusion of charged defects through the film, reducing the activation 
barrier for the diffusion of defects in the field direction and preventing ionic 
movements in the opposite direction. For example, during the growth of an anodic 
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film, if the metal cation is the mobile species (because of its relatively small size 
compared with the O2- ions), two rate-determining steps are possible: 
1. ionic transport across the film (bulk oxide controlled system [21]) and 
2. ionic transport across the metal/oxide interface (metal/oxide interface 
controlled system [22, 23]). 
However, deviations from the high-field model were observed, which were 
identified in Tafel slope anomalies.  
 
1.1.3.2 - High-field theories 
1.1.3.2.1 - Mott-Cabrera theory 
Cabrera and Mott [22, 23] analysed the mechanism of growth of very thin oxide 
films formed in air and by anodizing. The difference in their formation is related to 
the electric field across the oxide. In anodizing, the field is due to the applied current 
density or voltage, whereas, in atmospheric oxidation, the electron affinity of an 
oxygen atom and the adsorption energy of the oxide ion on the film produce a 
potential difference between the oxide interfaces. In their model, the authors 
considered, as the rate-determining step, the transfer of ions across the metal/oxide 
interface, assuming that the space charge (accumulation of charged ions in the oxide 
field, which can lead to a net lowering of the applied field) was negligible. This 
implies that a fast ionic diffusion across the bulk oxide is undertaken immediately 
after the escape of a cation from the metal/oxide interface. The transfer of ions 
through the bulk oxide is considered to be fast due to the lowering of the diffusion 
barriers by the applied electric field, the latter being sufficiently high to ensure that 
negligible amounts of ions are moving against the electric field direction.  
Cabrera and Mott rearranged (eq. 1.5) considering the role played by ions; in 
their model, ions can vibrate in simple harmonic motion in one dimension and, in 
this way, they acquire a sufficient energy to surmount the potential energy barrier. 
The ionic current is then given by the following equation: 
( )





 −−
ν=
Tk
EzdW
expmi
B
a0
00
0
         (eq. 1.6) 
where: 
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m0 = number of ions at the metal/oxide interface per unit area; 
ν0 = frequency of atomic vibrations; 
W0 = height of the potential barrier for injection of a cation into the oxide; 
z = valence of the mobile ion; 
e- = electron charge (1.602 10-19 C); 
0a
d  = activation distance; 
T = temperature; 
kB = Boltzmann’s constant. 
The terms with suffix 0 refer to interface values. 
From (eqs. 1.5 and 1.6) it is possible to obtain the following expressions for A and B 
in (eq. 1.6): 






−ν=
Tk
W
expmA
B
0
00          (eq. 1.7) 
Tk
dze
B
B
a0
−
=          (eq. 1.8) 
The Mott and Cabrera model is illustrated schematically in Fig. 1.4. 
 
1.1.3.2.2 - Verwey theory 
Verwey [21] proposed a high-field model in which the rate determining step was 
the potential energy barrier for ion movement through the bulk oxide, assumed to be 
in a state of electrical neutrality, without considering effects of interfaces. In 
particular, studying the growth of anodic films on aluminium, the author suggested 
that the ionic movement is achieved through successive replacements of Al3+ ions 
between occupied and free interstices. In (eq. 1.8), the author considered the 
probability of cations leaving interstices with the aid of a high electric field: 
Tk
de3B
B
a
−
=           (eq. 1.9) 
where da = activation distance (distance between minimum and maximum positions 
in potential energy for ionic place exchange).  
Verwey considered that the value calculated for B was of the same order as that 
given by Guntherschultze and Betz in [16-20], but probably smaller because of the 
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imperfection of the oxide lattice. The most important difference between the Verwey 
and the Mott and Cabrera models is the meaning of the B constant: in the second 
case, it contains the activation distance at the interface. 
 
1.1.3.3 - Deviations from the high-field theories 
On the basis of Verwey and Mott-Cabrera theories [21-23], substituting the 
expressions obtained for B (eq. 1.8) in (eq. 1.5), the following relationship can be 
obtained for the so called Tafel slope: 
0a,a
B
zd
Tk
)i(lnd
dE
=           (eq. 1.10) 
The validity of kinetic theories of ionic conductivity was discussed in terms of 
linear dependence of the Tafel slope on the temperature for anodic films formed on 
tantalum. In some studies, a linear behaviour was reported [24], but in others the 
Tafel slope was independent of temperature [25] or decreased with it [26]. The main 
purpose of researchers was to find a satisfactory theory which could describe the 
behaviour of the Tafel slope with respect to experimental parameters, such as the 
electric field and the temperature. The non-linear relationship between Tafel slope 
and temperature was considered to be due to a change in the activation distance or in 
the properties of the material with the current density or the temperature.  
 Starting from the Mott-Cabrera theory, Dewald [27, 28] proposed a model, 
known as the “dual barrier model”, characterized by two possible rate determining 
steps: the cation transfer at the metal/oxide interface and the migration of cations 
across the bulk oxide.  
In [29], Mott proposed a qualitative liquid model, valid only for non-crystalline 
oxides. The author suggested that if a small number of atoms receives sufficient 
activation energy, then the atoms will be in a state in which their vibrations allow 
them to act as a liquid. After a time of 10-12 s, both metal and oxide ions can move in 
opposite directions under a field, giving comparable transport numbers: their 
movement creates a frozen-in dipole. The formed frozen-in dipoles increase the field 
acting on neighbouring activated regions. During anodizing, the material is occupied 
by these dipoles and new ones are continually formed. 
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Dell’Oca and Young [30], observing a curvature in the Tafel slope, suggested 
that this behaviour could be related to the incorporation of foreign ions from the 
electrolyte.  
More recently, Wang and Hebert [31] suggested a mathematical model for ionic 
conduction in amorphous anodic oxides. The model is based on a “defect cluster” 
mechanism in which both metal and oxide ions are involved in transport. The current 
is carried by defects clusters created by inward displacement of oxide ions around an 
oxygen vacancy in response to the vacancy’s electric field. This displacement creates 
a gap between the first and second layer of oxide ions surrounding the vacancy, 
within which metal ions can migrate easily with little required activation energy. 
Polarization of the conductive gap under an applied electric field leads to an 
increased number of metal ions in the gap compared with the stoichiometry. The 
excess of metal ions in clusters provides a net transport of metal ions due to the 
motion of the vacancy across the film, which was found to increase by increasing the 
electric field and to depend on the cluster size and dielectric constant. Thus, oxygen 
and metal ion migrations are coupled together and occur as parts of the same process.   
Recently, Hebert and Houser [32] developed a model for the growth of barrier-
type anodic films on aluminium based on the assumption that both electrical 
potential and mechanical stress gradients contribute to ionic transport. Stress and 
potential gradients drive high-field ion migration, and additionally the stress gradient 
results in viscoelastic creep of the oxide. Stress at the metal/oxide interface results 
from the volume change due to oxidation. Metal and oxide ions migrate across the 
oxide independently, at rates determined by their mobility and electrical charges. 
Oxide plasticity is considered in the model, by imposing limits on the magnitude of 
the stress at the metal/oxide interface. Despite the multiple transport processes 
considered in the model, the current density followed an exponential dependence on 
the electric field, in agreement with the Mott-Cabrera theory (eq. 1.6). 
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1.1.3.4 - Other mechanisms of film growth based on transient 
behaviour 
A “transient behaviour” can be observed when the conditions of film formation 
are suddenly changed by a shift of the applied current density or the electric field 
strength. For instance, an “overshoot” on the voltage transient, which follows a 
sudden increase in current density, is commonly observed. This behaviour cannot be 
explained by any of the previous theories. A relatively long time (a few seconds) is 
required before the system achieves a new equilibrium state - which follows again 
the high-field model. Transient experiments suggest the dependence of some 
properties of the oxide upon the growth conditions. 
Guntherschultze and Betz [16-20] observed the overshoot during oxide 
formation on aluminium and tantalum under potentiostatic conditions and called it 
“delayed oxide formation”. Young [26], in studies of transient kinetics during the 
growth of anodic films on tantalum, demonstrated that the dependence of ln(i) on the 
electric field, E, was slightly non-linear. The author proposed that the experimental 
results could be related to the activation distance, a0, being dependent on the field 
strength, 
Ebaa 110 −=             (eq. 1.11) 
with a1 and b1 both positive constants. 
Bean et al. [33] proposed a model for ionic conduction in ionic crystals. In this 
model, an ion located at the equilibrium lattice position may jump either the first 
potential barrier or the first two successive barriers to become a mobile interstitial 
ion; this process is followed by its fast migration. The number of jumps is dependent 
on the extent of the lowering effect of the field on the activation energy. Moreover, 
based on the assumption that the interstitial ion is annihilated through recombination 
with a cation vacancy by trapping (according to the “Frenkel model”), the number of 
jumps increases rapidly with increase of the electric field in a moderate electric field 
range (E
 
< 6 x 106 V cm-1), whereas it is less dependent on the field at high electric 
fields [33, 34].  
According to Dewald [35], anodic transient behaviour can be satisfactorily 
related to the sluggish settlement of a new equilibrium state with time. The author 
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reported the transient response of the field to abrupt changes in the ionic current 
density during the growth of anodic oxides on tantalum. Dewald proposed that high 
electric fields produce “Frenkel defects” (interstitial ions plus vacant lattice sites) by 
drawing ions from lattice sites and placing them in interstitial positions. The emptied 
lattice sites are immobile or relatively immobile and are supposed to bear a negative 
charge. The rate of production of defects is supposed to be a function of the electric 
field, while the rate of destruction is proportional to the current density. When the 
electric field is changed, the concentration of the mobile interstitials will not 
immediately jump to its new value and consequently various transient phenomena 
will be expected for step changes in electric field or current density. Dewald found 
that the transient effect was independent of the surface condition, the film thickness, 
the current density and the temperature, and dependent only on the ratio of the initial 
and final current densities. 
Dignam [36, 37] introduced a model more appropriate for amorphous or vitreous 
films. The oxide is suggested to be composed of small domains, as a “mosaic”, 
characterized by very small crystallites or polymeric molecular units. According to 
this theory, the rate determining step is the ion transport between these units, which 
is strongly influenced by the distribution of ions within these units since the electric 
field assisting the transfer will be a function of the polarization of the dielectric 
material medium. Transient ionic conduction phenomena and anomalous charging 
currents arise as a result of the slow adjustment of the polarization of the medium to 
new conditions. 
For the growth of anodic films, Young and Zobel [38] proposed the most 
significant model in opposition to that suggested by Dignam. In this model, called 
the “channel model”, ions move through channels present in the oxide, which refer to 
regions having the least resistance to ionic current, possibly associated with an open 
atomic structure. Further, the moving ions open the initially blocked channels in a 
cascade process by knocking-out immobile ions into motion. This chain reaction can 
reproduce the transient current in an accelerating mode. 
In their potentiostatic investigations, Dignam and Ryan [39, 40] derived a 
dielectric relaxation model involving interfacial control. In their theory, the rate of 
the overall process is controlled by the current transient, arising as a result of 
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dielectric relaxation processes within the oxide at the oxide/electrolyte interface. 
Changes in the polarization bring variations in the distribution of the potential 
between the film and interfacial regions. Later, Dignam and Goad [41, 42] proposed 
a dielectric relaxation model, including two independent ion-current-driven dielectric 
relaxation processes. This model provided a quantitative description of both 
galvanostatic and potentiostatic transients for the aluminium/alumina system. 
Vetter [43] proposed a theory considering the formation of polyatomic anodic 
films. The author explained the transient behaviour under galvanostatic and 
potentiostatic conditions considering the time required to change the concentration of 
defects. The ion transport under a strong electric field is influenced by the activation 
energy (dependent on the electric field), which allows the ion to jump into a new 
position, and by the field-dependent concentration of defects. 
Crevecoeur and Wit [44] introduced a more complex model for the transient 
effect. The authors studied the anodic behaviour of aluminium after annealing and 
found a current transient peak, characterized by a maximum in current density, imax, 
and a maximum in time, tmax. imax was found to be a function of film thickness, 
electric field, temperature, pretreatment and electrolyte. The crystallization process 
involving the film caused the authors to consider the incubation time and the 
subsequent current peak as an effect of the nucleation process of crystallization. 
Hurlen et al. [45] used transient polarization measurements to study the 
corrosion and the passive behaviour of aluminium in acid electrolytes. The authors 
called the overshooting “superpolarization” and explained it by a change in the 
density of kink-sites. The metal ion transfer was suggested to be dependent on the 
kink density on the metal surface and the kink density to increase by increasing the 
electric field at the metal/oxide interface. 
Lohrengel [46] proposed a model in which the overshoot was explained by an 
emission of mobile anions and cations from the metal/oxide and the oxide/electrolyte 
interfaces. When the electric field is low, the concentration of mobile ions is also 
low. When the potential increases, mobile ions are emitted from the interfaces and 
migrate through the oxide.  
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1.1.3.5 - Ion transport mechanism during anodic film growth  
Tracer and marker studies were performed in order to determine the migration of 
ionic species during the growth of anodic films on valve metals. A “tracer” is a 
foreign agent introduced deliberately into the system of study in minute quantities. 
The best tracer which can be used is an isotope of the species to be monitored. If it is 
radioactive, its distribution can be determined by detecting the radioactivity that the 
tracer species emits. 
Amsel and Samuel [47] used the 18O tracer technique to determine the order of 
atoms in the film. As aluminium has only a stable isotope, the authors studied the 
metal migration by deposition of a thin aluminium layer on a tantalum substrate, 
using aluminium as a tracer for tantalum. Their model proposed that the oxygen sub-
lattice was stationary and the metal cations moved by vacancy diffusion and by 
interstitial exchange capture. The authors found that the oxygen order in anodic films 
was largely conserved. 
In contrast, “markers” were used to determine the transport numbers of ions 
during the growth of anodic films. Through marker experiments, a very thin surface 
film is tagged with immobile inert marker atoms; after anodic oxidation the position 
of the marker with respect to the oxide surface is determined: the oxide thicknesses 
above and below the marker are directly associated with the relative mobility of 
metal and oxide ions respectively. It is well accepted that radioactive isotopes of the 
heavier inert gases should approximate to the ideal marker [48]. In fact, the marker 
should not interfere with the oxidation process by remaining immobile (it should be 
uncharged), by being large in size so as not to diffuse, by being present in trace 
amount and by allowing its location without damaging to the film. Moreover, if 
radioactive isotopes are used as a marker, their location can be easily determined in-
situ by measuring the energy loss of electrons (β-particles) or α-particles, emitted 
from the radioactive atoms, after crossing the film. If metal ion migration is solely 
responsible for the film growth, the fresh oxide will be formed at the 
oxide/electrolyte interface on the top of the marker layer; conversely, if the anodic 
oxide grows at the metal/oxide interface, oxide ions are the only ones responsible for 
the growth and the marker species will be found above the fresh oxide. But if both 
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metal and oxide ions move, the marker atoms will be found somewhere in the middle 
of the film, the exact position depending on the relative mobility of the ions. 
The marker location on anodizing of high purity aluminium, measured by the 
ratio of the distance from the oxide/electrolyte interface to the total film thickness, 
revealed that the marker was ∼0.4 from the surface of the anodic film [48]; thus inert 
marker experiments revealed that the amorphous film grows by counter migration of 
anions and cations, with the overall transport proceeding in a co-operative manner.  
Studies of barrier-type films showed that the transport number of metal cations, 
+zMt , is dependent on the oxide that is grown [48-50].  
 
1.1.4 - Mechanism of growth of porous anodic films on 
aluminium 
Concerning mechanisms of growth of porous anodic films, the case of porous 
alumina has been the most extensively studied, as already mentioned in Section 
1.1.1.2, and the main findings available in the literature are reported in this Section. 
The following mechanism for the growth of porous alumina films was suggested 
by considering the presence of a constant barrier layer under steady conditions in 
[11]. During film growth, both Al3+ and O2- ions are mobile across the thin barrier 
layer under a high electric field. O2- ions, which migrate inwards from the base of the 
pores and reach the metal/oxide interface, contribute to new oxide formation at the 
metal/oxide interface. At the same time Al3+ ions are ejected into the electrolyte 
without developing any new oxide after reaching the pore base/electrolyte interface. 
At the pore base, electrochemical dissolution of the barrier layer, accelerated by the 
high electric field, takes place; such field-assisted dissolution (that is also thermally 
enhanced) proceeds simultaneously with the film growth at the metal/oxide interface, 
leading to a dynamic equilibrium that results in a constant thickness of the barrier 
layer. Therefore, under galvanostatic conditions, the thickness of the barrier layer is 
constant while the porous film increases in thickness with the anodizing time.  
 In [51-53], Skeldon et al. studied the mechanism of growth of porous anodic 
alumina by following, by transmission electron microscopy, the motion in the film of 
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tungsten tracers incorporated into the aluminum substrates before anodizing. The 
tracer motion was qualitatively explained by assuming significant plastic flow in the 
oxide originating from the film/electrolyte interface. 
In [54, 55], Houser and Hebert, in agreement with results reported by Skeldon et 
al. [51-53], suggested a quantitative model considering the role of viscous flow in the 
mechanism of growth of porous anodic alumina. The model predicts the Newtonian 
viscous flow required to enforce charge and volume conservation during steady-state 
growth conditions. The flow is produced by the high deposition rate of O2- ions along 
the anodic film/electrolyte interface at the pore bottom, and is driven by the locally 
elevated compressive stress near this interface. Thus, the oxide flows at first towards 
the metal/anodic film interface, and then the flow separates, with a portion filling the 
reacted metal volume, and the remainder drifting laterally towards the pore walls 
before finally turning upwards. Moreover, the efficiency of film growth is related 
directly to the deposition rate of oxide ions, and therefore controls the magnitude of 
the viscous flow. According to [51-53], following the motion of tungsten tracers, 
Houser and Hebert concluded that, instead of migrating to the film surface, the lateral 
component of the flow velocity carries the tungsten cations into the pore walls; this 
lateral drift is attributed to the flow, whose direction opposes the electric field. In this 
model influences of anion incorporation into the film and volume changes due to 
thermal expansion were neglected. 
 
1.2 - Anodic films formed on zirconium 
Zirconium oxides are characterized by high thermal and chemical stability, good 
mechanical strength and wear resistance, excellent dielectric properties and good ion-
exchange properties. Therefore, they find application in many fields, for example as 
industrial catalysts and catalyst supports [56, 57], as oxygen sensors [58-63] and 
solid electrolytes in fuel cells [64], as gate dielectric materials in metal-oxide 
semiconductor devices [65], as protective coatings for optical mirrors and filters [66, 
67] and as ceramic materials [68]. Furthermore, oxides formed on zirconium (and 
zirconium alloys) are some of the most radiation-resistant ceramics currently known 
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and play a key-role in the nuclear industry because of their good mechanical 
properties and corrosion resistance [69].  
 
1.2.1 - Thermodynamic domain of stability of zirconium oxides  
Figure 1.5 shows the Pourbaix diagram for the zirconium-water system at 298 K 
[3]. The thermodynamic domain of stability of zirconium lies below that of water: 
this metal should have the tendency to decompose water with hydrogen evolution, 
dissolving as zirconic, Zr4+, ions and zirconyl, ZrO2+, ions in very acid solutions and 
as zirconate, HZrO3-, ions in very alkaline solutions. In moderately acid, neutral and 
moderately alkaline solutions, the metal should be covered with an oxide. 
Considering the formation of zirconium oxide in an alkaline electrolyte, 
according to the Pourbaix diagram of Fig. 1.5, oxidation of the metal occurs at the 
metal/oxide interface (Fig. 1.6), following the reaction of (eq. 1.12): 
−+ +→ e4ZrZr 4
            (eq. 1.12) 
At the oxide/electrolyte interface, O2- ions are incorporated into the oxide from 
adsorbed OH- ions, 
+−− +→ HOOH 2ads            (eq. 1.13) 
Zr4+ and O2- ions may migrate across the oxide under high electric fields, in the range 
from 106 to 107 V cm-1, so that new oxide formation is accomplished at the 
respective interfaces: 
2
24 ZrOO2Zr →+ −+           (eq. 1.14) 
The overall anodic reaction can be expressed as: 
−+−+ ++→+ e4H2ZrOOH2Zr 2
4
       (eq. 1.15) 
On the cathode surface, hydrogen evolution occurs: 
2He2H2 →+
−+
        (eq. 1.16) 
The overall cell reaction is: 
222 H2ZrOOH2Zr +→+         (eq. 1.17) 
According to Charlot [70], Zr4+ and ZrO2+ ions form numerous complexes: 
relatively stable sulphuric ones, not very stable hydrochloric ones, very stable 
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hydrofluoric and oxalic ones, and very slightly stable carbonic ones. Hydrogen 
peroxide leads to formation of solid white complexes, which are probably Zr2O5, 
ZrO3 or Zr2O7, that are slightly soluble in very dilute acid media and soluble in 
alkaline media. Insoluble salts of zirconium (such as phosphate, arsenate and iodate 
[3]) can be formed in many electrolytes. However, as reported in [71], zirconium is 
particularly resistant to many powerful acid and alkaline reagents, such as sulphuric 
acid, hydrochloric acid, phosphoric acid
 
and nitric acid at various concentrations at 
ordinary temperatures; it is attacked only by aqua regia and hydrofluoric acid 
probably with the formation of complexes. Its resistance to corrosion is due to an 
oxide film that covers the zirconium surface. 
 
1.2.2 - Morphology of anodic films formed on zirconium 
Anodic oxide films grown on zirconium in neutral and alkaline electrolytes are 
generally considered to consist of barrier-type films.  
Cox [72] formed and examined, by mercury porosimetry, thermal and anodic 
films on zirconium. The author reported that porous films could be produced by 
anodizing zirconium in specific electrolytes, such as in those containing nitrate, 
chromate, dichromate and phosphate ions. The author suggested that the mechanism 
of formation was different for each electrolyte and dependent on anion incorporation 
into the film, with anions probably influencing the crystallization of the oxide during 
anodizing. The penetration of the electrolyte in the pores and the development of a 
columnar morphology would permit growth of the film to continue. Cox observed 
also that the majority of the barrier-type films was characterized by the presence of 
flaws. The flaws were of two different types, depending on the nature of the oxide. 
The formation of thick oxides led to cracking along the grain boundaries and, 
eventually, around intermetallic particles, followed by spalling of the film; 
alternatively, local patches of relatively thick rough oxide, with respect to the bulk 
oxide, were formed and eventually led to oxide spalling. 
Howes [73] studied, by optical and scanning electron microscopies, 
morphological differences and mechanical failure of anodic films grown on 
chemically-etched zirconium in ammonium borate electrolytes at current densities 
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ranging from 0.01 to 1000 mA cm-2. The author observed that blistering and cracking 
of the oxide increased with increase of the film thickness and decreased with increase 
of the current density (no oxide cracking or blistering was observed at current 
densities > 0.7 mA cm-2). The author suggested that the disruption of the film during 
anodizing occurred when the stress built into the oxide exceeded the fracture strength 
of the oxide at localized stress concentrations. 
In [74], Archibald and Leach reported the formation of porous anodic films on 
zirconium in electrolytes with concentrations of F- ions ≥ 2x10-3 M. 
In [75], Habazaki et al. analysed anodic films grown on sputtered zirconium in 
0.1 M ammonium pentaborate at 5 mA cm-2 to formation voltages up to 200 V. 
Through glow discharge optical emission spectrometry analysis, the authors 
observed that the formed anodic films were relatively free of impurities, except for 
boron species incorporated from the electrolyte at ∼5% of the film thickness from the 
oxide/electrolyte interface.  
 
1.2.3 - Structure of anodic films formed on zirconium 
Crystalline zirconium oxide exists in three different phases under atmospheric 
pressure: monoclinic, tetragonal and cubic. The monoclinic phase is 
thermodynamically the most stable phase at ambient temperature. Tetragonal and 
cubic phases are stable at high temperatures: however, the incorporation of foreign 
cations, such as Mg2+, Ca2+, Y3+ and Ti4+ ions, can stabilize the latter phases at lower 
temperatures. Zandiehnadem et al. [76] worked out the energetic and density of 
states of zirconium oxide in different crystallographic phases, cubic, tetragonal and 
monoclinic, through a self-consistent orthogonalized linear combination of atomic 
orbitals method. The authors calculated band gaps, Eg, of 3.8, 4.1 and 4.5 eV 
respectively for the three phases.  
Experimental evidence on the structure of anodic films on zirconium is quite 
controversial and the structure appears to be dependent on the pretreatment of the 
zirconium and the experimental conditions chosen for anodizing. 
Draper and Harvey [77] suggested that the structure of the anodic films formed 
on zirconium depended on the electrolyte. By reflection diffraction, the authors 
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observed that anodic films grown on mechanically-polished zirconium in 10% nitric 
acid and sulphuric acid
 
were a mixture of cubic and monoclinic
 
zirconium oxides, 
whereas only the cubic phase was detected for films formed in ammonium borate 
electrolytes. Amorphous zirconium oxide films were obtained in 100% sulphuric 
acid. Observing a diffuse scattering of the electron beam, the authors attributed it to 
re-precipitated material produced after oxide dissolution and to considerable 
roughness of the oxide surface.  
Cox [72] analysed, by transmission electron microscopy, the structure of anodic 
films grown on zirconium in different formation electrolytes. Porous films formed in 
nitrate solutions showed only the presence of monoclinic zirconium oxide in 
agreement with Misch et al. [78, 79]. Conversely, barrier-type films consisted mainly 
of cubic zirconium oxide, with traces of monoclinic zirconium oxide. Moreover, the 
orientation of oxide crystallites was shown to be dependent on the electrolyte: oxide 
crystallites of barrier-type films formed in tartaric acid had almost random 
orientations, while those of barrier-type films grown in other electrolytes were highly 
oriented. 
Ploc [80-83] studied, by transmission electron microscopy and associated 
electron diffraction patterns, the structure of zirconium oxide films grown thermally 
and by anodizing zirconium in 1 N potassium nitrate. Films showed cubic and 
monoclinic structures.  
Trivinho-Strixino et al. [84] investigated the photoluminescence behaviour of 
anodic films grown on zirconium (mechanically-polished and immersed in boiling 
water with Extran® solution) at a constant current density of 16 mA cm-2 in aqueous 
solutions of phosphoric acid or oxalic acid. By anodizing zirconium in 0.1 M 
phosphoric acid, the authors observed a linear region until 450 V (up to 3.0 C cm-2), 
followed by a second region characterized by sharp voltage oscillations with 
amplitudes varying in the range from 20 to 80 V and generation of sparks (from 3.0 
to 20.8 C cm-2), probably due to localized breakdown events in the film. The 
resultant anodic film consisted of monoclinic zirconium oxide with small quantities 
of metastable tetragonal phase. By anodizing in both electrolytes, blisters and holes 
were observed on the surface of the specimens, suggested to be related to oxygen 
evolution on the electrode surface during anodizing. A band gap of ∼4.8 eV was 
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estimated for the anodic zirconium oxide films, higher than the value reported in [76] 
for the monoclinic phase; the authors ascribed the luminescence to defects (i.e. 
oxygen vacancies) created during anodizing. 
In [85], Panagopoulos analysed, by transmission electron microscopy and X-ray 
diffraction, XRD, the structure of stripped anodic films grown on zirconium in 0.01 
M sodium phosphate and 0.044 M sodium sulphate under galvanostatic conditions. 
The author observed a cubic structure, with randomly oriented polycrystals, for all 
the films. Moreover, by increasing the thickness of the films formed in sodium 
phosphate, a mixture of cubic and monoclinic zirconium oxide was detected. Thus, 
the structure of the films was found to be dependent on the film thickness and the 
electrolyte.      
In [75], Habazaki et al. detected, by XRD, both monoclinic and cubic/tetragonal 
phases for anodic zirconium oxide films formed on sputtered zirconium in 0.1 M 
ammonium pentaborate at 5 mA cm-2 up to 25 V; by increasing the formation 
voltage, the authors observed a change in the structure which became predominantly 
monoclinic. Habazaki et al. attributed the decreased rate of growth (from 1.3 to 1.1 V 
s-1), recorded at 40 - 60 V, to a change of the crystalline phase of the films. 
 
1.2.4 - Composition of anodic films formed on zirconium 
1.2.4.1 - Formation of hydrated layers 
The presence of an outer hydrated layer on the surface of thin anodic films 
formed on zirconium was suggested by several investigators [86-91].  
Di Quarto et al. [86] investigated the photoelectrochemical response of anodic 
films and air-formed films formed on zirconium in a wide range of pH in order to 
obtain information on their compositions and structures, varying the initial surface 
pretreatment (mechanical polishing, chemical etching and electropolishing). For all 
the pretreatments, the authors suggested the formation of a passive film characterized 
by an external hydrated layer, ZrO2·(H2O)h, having a lower indirect optical band gap 
(2.8 ≤ Eg  ≤ 3.3 eV depending on the degree of hydration, h), and an internal 
anhydrous zirconium oxide
 
layer, with a higher indirect optical band gap (Eg = 4.65 ± 
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0.1 eV). The structure of the internal phase, in the case of electropolished zirconium, 
seemed to be monoclinic (because of the higher indirect optical band gap value, of 
4.7 eV, similar to that reported in [76]). Concerning chemically-etched and 
mechanically-polished specimens, it was suggested that the structure of the inner 
layer was amorphous (indirect optical band gap values were slightly lower than the 
previous one and closer to those obtained for cubic zirconium oxide [76]).  
Khalil et al. [88] also suggested the formation of a film composed of a hydrated 
external layer and an internal anhydrous oxide, by anodizing electropolished 
zirconium under galvanostatic conditions in 0.044 M ammonium tetraborate, 0.05 M 
sodium sulphate and 0.05 M sodium hydroxide. Incorrect thicknesses for anodic 
films formed up to 20 V, evaluated by impedance means, and significant energy loss 
of α-particles from Kirkendall markers, introduced in the specimens, were attributed 
to the presence of an external hydrated layer. 
In [87], Jović and Jović analysed impedance measurements (Mott-Schottky) 
related to anodic films grown on zirconium in 1 M sodium hydroxide under 
potentiodynamic conditions, to 2, 4, 6 and 8 V (SCE). Observing Mott-Schottky 
plots (C-2 vs U), the authors explained that all films behaved as insulators at Uf ≥ 2 V 
(SCE) and, differently, as n-type semiconductors at 0 ≤ Uf ≤ 0.7 V (SCE), 
determining, in the latter case, the donor density. The authors found a too cathodic 
value for the flat band potential and related it to the formation of a hydrated layer on 
the oxide surface: the reported value disagrees with those reported by Di Quarto et al. 
[86] and the voltage range chosen to fit the Mott-Schottky plot was not as wide as 
normally required in order to obtain reliable information about solid state properties 
of semiconductors.  
The presence of an outer hydrated layer was also reported by Meisterjahn et al. 
[89], who analysed, by X-ray photoelectron spectroscopy (XPS) and 
photoelectrochemical measurements, thin passive films (Uf ≤ 9 V (NHE)) formed on 
zirconium in a wide range of pH (0 - 14). Through photoelectrochemical 
measurements, the authors estimated a direct optical band gap of 5.0 eV due to 
zirconium oxide and an indirect optical band gap around 2.8 - 3.0 eV, which was 
related to an outer hydrated layer. 
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Santamaria et al. [90, 91] analysed the photoelectrochemical response of air-
formed films, and thin (grown to 4 and 8 V (SCE)) and thick (grown to formation 
voltages
 
≥ 50 V (SCE)) anodic films, formed on sputtered zirconium in electrolytes 
covering a wide range of pH. For thicker anodic films, which should consist of 
polycrystalline monoclinic zirconium oxide according to [75], a band gap value of 
∼4.8 eV was reported. In contrast for thinner anodic films and air-formed films, a 
lower indirect optical band gap value of 4.4 ± 0.1 eV was determined and attributed 
to the absence of a long-range order, characterizing a well-developed crystalline 
structure. For these thinner films, a lower optical band gap (Eg = 3.4 ± 0.1 eV) was 
observed. However, the authors could not explain if the lower optical band gap was 
due to the presence of a band of defects in the film or if it was related to a hydroxide 
layer on the surface of the anodized zirconium. 
 
1.2.4.2 - Anion incorporation into anodic films formed on zirconium 
Many researchers [89, 92-101] investigated the effect of incorporation of anions 
into anodic films grown on zirconium because this phenomenon seems to change the 
resulting physical and electronic properties of the oxide. Of interest of this work, 
Section 1.2.4.2.1 is dedicated to the incorporation of F- ions during anodizing of 
zirconium in aqueous electrolytes containing small concentrations of F- ions.  
Rogers et al. [101] estimated the contents of carbon, sulphur and boron 
incorporated into anodic films grown on chemically-etched zirconium (etching 
solution: 1:3:3 hydrofluoric acid/water/nitric acid) in 0.1 M sodium carbonate, 0.1 M 
sulphuric acid and saturated ammonium borate electrolytes, under galvanostatic 
conditions. The carbon and sulphur contents were determined by a Geiger counter, 
whilst the content of boron was determined by autoradiography, using the reaction 
10B(n,α)7Li. Based on their experimental results, the authors suggested that a pure 
oxide could not be formed when zirconium was anodized in 0.1 M sodium carbonate, 
0.1 M sulphuric acid and saturated ammonium borate electrolytes and the kinetics of 
formation of the anodic films were influenced by the impurity contents. The authors 
found that impurities were distributed uniformly on a 2 - 3 µm scale in the plane of 
the film. Impurity contents seemed to be determined by the current density applied 
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during anodizing and to increase with its increasing. The boron distribution was 
uniform for all the current densities applied during anodizing. At the same current 
density, carbon and sulphur contents increased with the final formation voltage, 
which meant that they were incorporated into the films at a constant rate. However, 
carbon and sulphur were not distributed uniformly in depth but concentrated towards 
the oxide/electrolyte interface. Carbon and boron reduced the electronic conductivity 
of the films similarly; in contrast sulphur was less effective. 
In [89], Meisterjahn et al. investigated, by XPS, anodic films formed on 
mechanically-polished and chemically-etched zirconium at 1, 4 and 8 V (NHE) 
under potentiodynamic conditions in 0.5 M sulphuric acid, 1 x 10-3 M sodium 
hydroxide and borate buffer electrolytes. Analyses were referred to Au4f7/2 (with a 
binding energy of 83.8 eV). The Zr 3d5/2 peak related to the metal was not present, 
which indicated that the passive films were thicker than 7 nm. In all the cases, the 
oxygen peak could be fitted considering the presence of an inner oxide and an outer 
hydrated layer. For thin anodic films grown on differently pretreated zirconium 
substrates, the composition of the film was found to be in the range from ZrO2.1 to 
ZrO2.5. For anodic films formed in 0.5 M sulphuric acid, no sulphate was detected, 
although some traces of sulphur could be revealed by scanning Auger electron 
examination. Moreover, for films grown in borate buffer electrolytes and 1 x 10-3 M 
sodium hydroxide, no electrolyte constituents were found in the XPS spectra. 
Banter [92] investigated, by infrared transmission spectroscopy, the 
incorporation of various electrolyte anions into anodic films formed on zirconium. 
The author showed that anions, such as phosphate, sulphate and carboxylate ions, 
were incorporated into the anodic films formed in phosphoric, sulphuric and oxalic 
acids respectively. However, anodic films grown on zirconium in electrolytes 
containing potassium hydroxide, borate and sodium molybdate
 
appeared impurity-
free. The author observed that films formed in electrolytes promoting anion 
incorporation were thinner and less conductive with respect to impurity-free films 
grown under potentiostatic conditions at the same final voltage. Results were 
attributed to the incorporated ions, which were suggested to oppose the diffusion of 
both O2- ions and electrons in the outer layer, creating an immobile space charge 
region. 
Chapter 1 - Literature Review 
 
55 
In [93], Bardwell and McKubre investigated the effect of immersion - at the 
open circuit potential - on anodic films grown on zirconium (previously chemically-
etched in 1:3:4 40% hydrofluoric acid /53% nitric acid/water) under galvanostatic 
conditions (0.05, 0.5 and 5 mA cm-2) in borate buffer (pH = 8.4), in 0.1 M potassium 
bi-hydrogen phosphate and in 0.1 M sodium sulphate (pH adjusted to 8.4) 
electrolytes, by studying their impedance response, between 0.01 and 400 Hz, at 
different immersion times. The authors fitted the system through an equivalent 
circuit consisting of the resistance of the solution in series with a parallel 
combination of a resistance and a constant phase element (in the place of a pure 
capacitance), fitting the behaviour of the anodic film (a dielectric constant of 21 was 
assumed for zirconium oxide). Discussing their data, the authors observed that the 
value obtained for the constant phase element was invariant during the experiments 
(the phase angle varied from 84° to 90°), whereas the oxide resistance increased 
(from 2.8 to 6.4 MΩ cm2). This behaviour was suggested to be due to the formation 
of a constant thickness film whose defects decreased with increasing of the exposure 
time - at the open circuit potential - in the anodizing electrolyte. Comparing the 
values of thickness obtained from capacitance measurements with those obtained 
from Faraday’s law, Bardwell and McKubre observed efficiencies of film growth of 
∼35 and 55% at 0.05 and 0.5 mA cm-2 respectively, in all the electrolytes, but close 
to 100% at 5 mA cm-2 in borate and phosphate electrolytes. In electrolytes containing 
sulphate ions, an efficiency higher than 100% was observed and attributed to ion 
incorporation, as reported in [95]. 
In [94], Di Quarto et al. studied the mechanical and electrical breakdown of 
anodic films grown on chemically-etched zirconium under galvanostatic conditions 
(with current densities in the range from 2 to 32 mA cm-2) in electrolytes containing 
−
3HSO , 
−2
4SO
 
and −23CO
 
ions. The authors suggested that the most important factor 
influencing the potential at which mechanical breakdown occurred was the anodizing 
current density: a critical thickness was achieved at which the internal stresses 
exceeded the mechanical strength of the film. The authors attributed the breakdown 
in sulphate and carbonate electrolytes to the anion incorporation: the presence of 
impurities in the films was suggested to lower their mechanical strength. Moreover, 
anion incorporation was suggested to influence the potential at which electrical 
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breakdown occurred, increasing the electronic injection current at the 
oxide/electrolyte interface.   
Leach and Panagopoulos [95] observed variations in the efficiencies of film 
growth by anodizing zirconium (previously electropolished at 14 V in a 1:4 
perchloric acid/methanol mixture at 233 K) alternatively in 0.044 M ammonium 
tetraborate and 0.044 M sulphuric acid. Electron probe microanalysis, EPMA, 
showed a significant amount of sulphur incorporated into the anodic film (∼2 x 1021 
atoms cm-3 compared with ∼3 x 1021 atoms cm-3 reported in [101]), whereas boron 
was not detected, possibly due to a lower sensitivity of EPMA to boron. The authors 
attributed the higher efficiencies of film growth in sulphuric acid to the sulphur 
incorporated from the electrolyte. Furthermore, by growing the film in two anodizing 
steps, the authors observed a decrease in the efficiency of film growth during the 
second anodizing step and, thus, suggested that the rate determining step occurs 
within the film and not at one of the interfaces. 
In [96], Leach and Pearson reported a model, valid only for fully ionized salts in 
solution, describing the variation in pick-up in the oxide of anions from the 
electrolyte during anodizing of electropolished zirconium under galvanostatic 
conditions in 0.044 M ammonium borate solution (pH = 8.6) with or without 
additions of 14.8 M sodium hydroxide - in order to increase the pH value - and of F- 
ions from 1 M ammonium bifluoride; additions were made in order to show that ion 
pick-up depended on the anion/OH- ratio at the electrode surface. In solutions 
containing F- ions, it was possible to avoid oxide breakdown (as reported in [102]) - 
and obtain the typical anodizing curve registered in F- ion-free solutions - by 
increasing the pH. In this model, anion incorporation is ascribed to the value 
achieved by the pH close to the anode surface. The pH at the anodic film surface can 
differ from the value that it has in the bulk solution because of the processes 
occurring on the electrode surface, with the resulting formation of H+ ions related to 
oxide formation and/or oxygen evolution. This model was valid considering that the 
rate determining step was the diffusion of ions in the solution and for this reason it 
was related to the parameters involved in Fick’s law, especially the current density.  
By measuring the conductivity of the water after anodizing, Mitchell and 
Salomon [97, 98] showed that thin anodic films formed on zirconium in potassium 
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nitrate electrolytes were permeable to both K+ and NO3- ions; the rate of ion 
penetration was proportional to the concentration of potassium nitrate in the 
electrolyte and inversely proportional to the film thickness. Furthermore, the 
permeation was dependent on the temperature. The authors suggested that ion 
permeation in the anodic films grown on zirconium is achieved through small, 
electrically charged, cylindrical pores of molecular dimensions, which constitute a 
reproducible network of interstices.  
Ortega and Siejka [99] determined, by nuclear reaction analysis, the amounts of 
carbon and oxygen (16O and 18O) in anodic films formed on zirconium under 
galvanostatic conditions in 0.5 and 5 wt.% (∼0.02 and 0.22 M respectively)
 
ammonium citrate electrolytes (with the ammonium citrate 18O-enriched), at 273, 
303 and 333 K. The authors
 
observed that the rate of incorporation of citrate ions in 
the films was constant at constant current densities, suggesting that the amount of 
impurities was proportional to the formation voltage; moreover, the incorporation 
rate was higher at low (≤ 10 V) than at high formation voltages, indicating that the 
electronic properties of the oxide formed during the first stage of anodizing differed 
from those of the later-formed oxide. According to the authors, 10-3 - 10-2 citrate ions 
per zirconium oxide molecule were present in the films.  
Patrito et al. [100] studied the impedance behaviour of thin anodic films grown 
on mechanically-polished zirconium in phosphate electrolytes in a wide range of pH.  
Films were formed under potentiodynamic conditions (0.05 ≤ 
dt
dV
≤ 4 V s-1) at 0 ≤ Uf 
≤ 9 V (NHE). The authors observed that the measured constant current density, 
characterizing the growth of a barrier-type film under a high-field mechanism, 
increased with the pH, whereas it was independent of it at pH < 5. Patrito et al. 
suggested a mechanism of growth in agreement with that proposed by Leach and 
Pearson in [96]: anion incorporation would be favoured at lower pH, decreasing the 
concentration of oxygen vacancies and hindering O2- ion migration. Studying the 
impedance behaviour of the resulting anodic films, the authors observed a high 
dispersion in frequency (which changed linearly with the formation voltage) that was 
suggested to be related to the film properties, not excluding a contribution from an 
outer hydrated layer. In particular, the authors observed an increase of the dielectric 
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constant values with the pH and attributed this phenomenon to the effect of anion 
incorporation in the passive film, as also reported in [103]. 
 
1.2.4.2.1 - F- ion incorporation into anodic films formed on zirconium 
Archibald and Leach [74] investigated the growth of anodic films on zirconium 
in 0.044 M ammonium borate solutions, with and without additions of ammonium 
bi-fluoride, under galvanostatic conditions. Before anodizing, specimens were 
chemically-etched in a mixture of hydrofluoric acid/water/nitric acid or 
electropolished in methanol/perchloric acid. By anodizing in ammonium borate, the 
authors observed an almost linear increase of the voltage with the time; conversely, 
adding various concentrations of F- ions into the electrolyte, the rate of growth of the 
film (
dt
dV ) decreased after achieving breakdown of the oxide. The authors observed 
that the breakdown potential decreased with increase of the concentration of F- ions 
(at the same applied current density) and with increase of the current density (at the 
same concentration of F- ions). The rate of oxide growth after the breakdown was the 
same at any applied current or any F- ion concentration employed and was the same 
as that obtained when zirconium was anodized at 0.4 mA cm-2 in 0.044 M 
ammonium borate electrolytes. Archibald and Leach suggested that breakdown could 
be related to the applied current density and the surface preparation before anodizing: 
these two parameters seemed to control internal stresses in the oxide. If the stress 
level was high enough, the oxide fractured and corrosion occurred through the 
cracks. In particular, contamination by F- ions would have the effect of decreasing 
the number of oxygen vacancies (or increasing the number of zirconium vacancies) 
to maintain electroneutrality in the oxide and then promote metal ion migration, and 
would modify anion and cation transport numbers.  
Khalil and Leach [102] suggested that F- ion incorporation had no influence on 
the ionic transport process during anodic oxidation of zirconium at a constant current 
density of 6 mA cm-2 in an ammonium tetraborate + 10-3 M ammonium bifluoride 
electrolyte, as reported in [74]. However, the presence of F- ions in the oxide was 
evident from XPS analysis and these anions seemed able to increase the value of the 
electric field across the oxide. 
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El-Mahdy et al. [104] investigated the role played by halides in the growth of 
anodic zirconium oxide in 0.05 M sulphuric acid at a constant current density of 5 
mA cm-2. The authors showed that increases of F- ion concentration and temperature 
restricted the film growth and accelerated the dissolution process (as in [74], El-
Mahdy et al. studied the effect of variations in the concentration of F- ions and 
obtained similar results). The authors attributed the fast dissolution process in 
electrolytes containing F- ions to the following complex formation: 
OH2ZrFHHF6ZrO 2622 +→+          (eq. 1.18) 
Considering the other halides, Cl- ions caused localized corrosion of zirconium, 
whereas Br- ions caused an appreciable attack of zirconium oxide during its 
formation and thus its dissolution. In contrast, I- ions seemed to have a negligible 
effect on film formation and dissolution. 
 
1.2.5 - Kinetics theories on the growth of anodic films on 
zirconium 
Relatively little literature is available about the mechanism of growth of anodic 
films on zirconium compared with aluminium, tantalum and niobium and some 
proposed results appear contradictory to each other.  
A difficult aspect in the investigation of the film growth kinetics is the 
determination of film thickness. Several methods (e.g. capacitance or spectroscopic 
measurements) can be used for its determination, but they often require knowledge of 
some physical properties of the oxide (e.g. density, refractive index, dielectric 
constant) or assumptions whose accuracy can affect the errors in the thickness 
evaluation.  
 
1.2.5.1 - Kinetic results in agreement with the high-field theories 
Charlesby [105], suggesting a mechanism of growth in agreement with that 
proposed by Guntherschultze and Betz [16-20] for anodic films formed on 
mechanically-polished zirconium in ammonium borate electrolytes at high formation 
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voltages, calculated the values of A and B of (eq. 1.5) from capacitance 
measurements: 
)
x
UBexp(A)BEexp(Ai f==
         (eq. 1.5) 
Adams et al. [106] worked out the same constants (corrected by the roughness 
factor) from study of the anodic behaviour of films grown on zirconium under the 
thermodynamic potential at which oxygen evolution occurs in ammonium borate and 
sodium carbonate electrolytes.  
Hopper et al. [107], performing ellipsometric measurements for anodic films 
grown on zirconium in 0.1 M sodium carbonate, concluded that a linear relationship 
between the electric field and the logarithm of the current density was maintained at 
constant current densities in the range from 1 x 10-3 to 1 mA cm-2, which allowed 
estimation of the values of A and B respectively from (eq. 1.5). 
Similarly, Howes [73] found a linear dependence between the electric field and 
the logarithm of the current density for anodic films formed on chemically-etched 
zirconium in ammonium borate electrolytes under galvanostatic conditions (at 
current densities ranging from 0.1 to 10 mA cm-2).  
Values estimated for the constants A and B are reported in Table 1.1. Differences 
in the values of A and B calculated by Charlesby [105], Adams et al. [106], Hopper 
et al. [107] and Howes [73] were revealed, which cannot be attributed solely to the 
roughness factor, considered only in the second case, but also to the different 
methods that led to these results; moreover, values of A and B were calculated at 
different formation voltages.  
Later, Adams et al. [108] found that the field strengths for films grown in 1 N 
sodium sulphate, at 0.75 or 1 mA cm-2, at potentials below the oxygen evolution, 
were 15 - 30% higher than fields calculated for films grown at higher formation 
voltages: the authors considered that the results were related to a higher efficiency of 
film growth (∼100%) for thinner films and a lower efficiency of film growth for 
thicker ones. Thus, lowering of the field was attributed to an electronic current, 
ascribed to oxygen evolution, flowing through low-resistance paths in the film. 
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1.2.5.2 - Deviations from the high-field theories 
In [73, 105-108], a constant electric field was assumed across the oxide during 
its growth under galvanostatic conditions below the voltage at which oxygen 
evolution occurs. In contrast, in [99, 101, 103, 109], a variation of the electric field 
with increase of the formation voltage was reported, which could be attributed to the 
employed anodizing conditions (i.e. electrolyte and consequent anion incorporation). 
Young [109], through spectrophotometric measurements (assuming a refractive 
index value of 2.4), reported that the electric field increased with voltage for anodic 
films grown on zirconium. Through his experimental results, the author determined 
the parameters for the kinetics equations proposed by Verwey and Mott-Cabrera, 
which were close to those obtained for anodic films grown on other valve metals. 
Similar results were obtained by Di Quarto et al. [103] for films formed by 
anodizing chemically-etched zirconium in 0.1 M sulphuric acid, 0.1 N sulphamic 
acid and 0.1 M sodium carbonate at constant current densities in the range from 1 to 
32 mA cm-2; the authors attributed this behaviour to space charge effects. 
In [101], Rogers et al. reported an increase of the electric field with the 
formation voltage for zirconium anodized in 0.1 M sulphuric acid and 0.1 M sodium 
carbonate at a constant current density of 10 mA cm-2; however, the authors observed 
a linear relationship between film thickness and voltage in other electrolytes, such as 
1 wt.% (∼0.18 M) potassium hydroxide and saturated ammonium borate solutions, 
and even in 0.1 M sulphuric acid and 0.1 M sodium carbonate
 
at 1 mA cm-2.  
Ortega and Siejka [99] studied the growth of anodic films on chemically-etched 
zirconium in 0.5 - 5 wt.% (∼0.022 and 0.22 M respectively) citrate and 1 wt.% 
(∼0.18 M) potassium hydroxide electrolytes under galvanostatic conditions; the films 
were reported as barrier-type films. The authors observed that in citrate electrolytes, 
at constant formation current densities ≤ 1 mA cm-2, at 273 K, and ≤ 6 mA cm-2, at 
303 K, (at both current densities, an electric field of 4.2 MV cm-1 was estimated), it 
was possible to find a linear relationship between the electric field and the 
logarithmic of the applied current density. At current densities higher than the 
previous ones, Ortega and Siejka observed a sharp increase of the electric field with 
the current density. Varying the salt concentration in the electrolyte and holding the 
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same pH, this phenomenon was found to be independent of the amounts of 
incorporated citrate ions (measuring - by nuclear microanalysis - 18O isotopes 
incorporated into the oxides and coming from the specific ammonium citrate salt 
employed to carry out the experiments) and disappeared when experiments were 
performed in potassium hydroxide electrolytes.  
 
1.2.5.3 - Transient behaviour during the growth of anodic films on 
zirconium 
Few authors investigated the transient behaviour during the growth of anodic 
films on zirconium.  
Vermilyea [25], as found also for Ta2O5, observed no transient behaviour for 
anodic zirconium oxide formed under potentiostatic conditions, by varying suddenly 
the applied formation voltage. Young [109] could detect no overshoot, after changing 
the applied formation current density; the author suggested that at low current 
densities, the low efficiency of film growth tended to obscure any overshoot, 
whereas at high current densities any transient was fast and difficult to monitor.  
The transient behaviour was reported for zirconium only by Hopper et al. [107], 
following switching the current density from 0.2 to 0.04 mA cm-2.  
 
1.2.5.4 - Ion transport mechanism across anodic films grown on 
zirconium 
In the literature [50, 75, 88, 110, 111], it is reported that, during anodizing of 
zirconium under experimental conditions leading to the formation of crystalline 
barrier-type films, the transport number of zirconic ions is almost zero and the 
majority of charge is carried by oxide ions, leading essentially to a growth of the film 
at the metal/oxide interface. Conversely in [112], a transport number of 0.16 was 
estimated for Zr4+ ions for amorphous films formed on a sputtered Zr-Si alloy (with 
the silicon playing the role of marker species). 
Whitton [50], by the combination of a sectioning technique and radioactive 
analysis, found a transport number of zero for zirconic ions (by anodizing zirconium 
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at 1 mA cm-2 in ammonium borate electrolytes). The author suggested that, under 
these conditions, the growth of the anodic film proceeded almost entirely by oxide 
ion migration to the metal/oxide interface, sustained by some defect mechanisms in 
the oxide. 
Davies et al. [110] obtained cationic transport numbers between 0 and 0.05 
(estimated through Xe-marker experiments) for anodic films grown on chemically-
etched zirconium at current densities in the range from 1 to 10 mA cm-2 in a 0.4 M 
potassium nitrate + 0.04 M nitric acid electrolyte.  
In [75], Habazaki et al. analysed anodic films grown on sputtered zirconium in 
0.1 M ammonium pentaborate at 5 mA cm-2 to formation voltages up to 200 V. From 
marker studies, the authors calculated a transport number of Zr4+ ions of ∼0.05, 
showing that the oxide growth proceeded mainly at the metal/oxide interface by 
inward migration of anions.  
Leach et al. [88, 111] suggested that the transport number of zirconic ions in the 
anodic films formed on zirconium in 0.05 M sodium hydroxide, 0.044 M ammonium 
tetraborate and 0.05 M sodium sulphate was dependent on both the current density 
and the voltage. The authors observed that the cationic transport number was 
relatively high at high current densities and low formation voltages, up to 20 V, (as 
observed for aluminium in [110]). Leach et al. observed also an increase of the 
electric field value following the electrolyte sequence:  
Na2SO4 > NH4HB4O7 > NaOH 
Measuring the transport number of zirconic ions, using the isotope 222Rn as inert 
marker, in these different electrolytes, the authors suggested that it increased from 0 
to 0.16, following the same order reported above. The authors explained this 
phenomenon by considering the incorporation of anions into the films; according to 
the authors, if anions are incorporated into the oxide, its ionic resistivity increases, 
and consequently the electric field and the cationic transport number. Conversely, 
low electric fields and cationic transport numbers are expected in films formed in 
electrolytes without foreign anions, such as hydroxides.  
In [112], Koyama et al. investigated the properties of  anodic films formed on 
sputtered Zr-16 at.% Si alloy at 5 mA cm-2, to formation voltages up to 100 V, in 0.1 
M ammonium pentaborate. Despite the previous findings, anodic films grown up to 
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30 V were amorphous (as was also the original alloy), but at higher formation 
voltages the outer part of the films crystallized (consisting of tetragonal zirconium 
oxide), with the relative thickness of this outer layer increasing by ∼40% at 100 V. 
The authors observed that the outer crystalline layer was constituted by a silicon-free 
outer region (∼16% of the film thickness) and an intermediate oxide layer, with a 
silicon content lower than that in the amorphous inner layer. According to Koyama et 
al., the silicon present in the film played the role of marker species. Thus, a silicon-
free outer layer was developed at the oxide/electrolyte interface by outward 
migration of Zr4+ ions, while the remaining silicon-containing layer was formed at 
the alloy/oxide interface by inward migration of O2- ions. A transport number of 0.16 
was estimated for Zr4+ ions in the amorphous zirconium oxides, according to 
Rutherford backscattering spectroscopy results. The formation of an intermediate 
crystalline layer, at voltages higher than 30 V, was attributed to possible different 
transport numbers of cations in the outer crystalline layer and in the inner amorphous 
layer. The authors suggested that, after crystallization of the outer part of the film, 
the inward migration of O2- ions would become predominant in the outer crystalline 
layer, whereas both Zr4+ and O2- ions would migrate, outwards and inwards 
respectively, in the inner amorphous layer, promoting the growth of zirconium oxide, 
with a low silicon content at the boundary between amorphous and crystalline 
regions of the film.      
 
1.2.5.5 - Ionic transport through easy paths upon anodic films on 
zirconium  
The presence of channels (“easy paths”) for oxide ion migration in zirconium 
oxide was considered to explain the mechanism of growth of anodic films on 
zirconium.  
Whitton [50] anodized zirconium at 1 mA cm-2 in Br- doped- ammonium borate 
electrolytes and observed, by combination of a sectioning technique and radioactive 
analysis, a distribution of Br- ions through the resulting oxide. The author suggested 
that anodic oxide formation on zirconium proceeded through morphological defects 
such as holes, cracks or grain boundaries; these defects contributed significantly not 
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only to oxide ion migration but also to migration and incorporation of anions from 
the electrolyte. 
Cox [72] considered that the presence of conducting channels for oxide ion 
migration could be related to crystallites boundaries between mosaic-like 
arrangements of zirconium oxide crystallites. 
Confirmation of easy paths as regions of high ionic conductivity was given by 
Ortega and Siejka [113] in a series of 18O-tracing studies of anodic films on 
zirconium. Their experimental results provided evidence of the following features:  
1. the order of oxygen was partially inverted, in contrast to tantalum and 
aluminium. 
2. The 18O concentration decreased with increase of depth in the outer region of 
the film adjacent to the oxide/electrolyte interface; the 18O concentration reached a 
steady value and was independent of depth in the middle region, and finally 
increased abruptly in the region of the film close to the metal/oxide interface.  
3. After anodizing in a second solution containing 18O, the 18O profiles were 
dependent on the pH. 
According to this model, the first O2- ions, injected into the bulk oxide from hydroxyl 
groups located at the oxide/electrolyte interface, may change the local microscopic 
arrangement of atoms in the crystal, generating defects. Then ionic transport 
proceeds from the oxide surface to the metal/oxide interface, propagating a 
succession of defects which connects the two interfaces. This process leads to further 
injection and migration of oxide ions from the hydroxyl groups. An oxygen transport 
path is supposed to converge, from the oxide/electrolyte interface to a central easy 
path in the bulk oxide. In the oxide region near the metal/oxide interface, the 
fractional area of easy paths is low (∼1%). The shape of the easy paths agrees with 
the resultant 18O profiles. As the film thickness increases locally, the field in these 
regions becomes lower than in the oxide regions of lower ionic conductivity. When 
the difference between the thicknesses of the regions of higher and lower 
conductivities reaches a critical value, the oxide ion is injected into new oxide 
regions (regions of lower ionic conductivity), generating new easy paths. The regions 
of higher ionic conductivity are then transformed into regions of low conductivity. 
 
Chapter 1 - Literature Review 
 
66 
1.2.6 - Growth of nanotubular anodic films on zirconium 
Recently, different ways to fabricate zirconium oxide nanotubes were 
investigated because of their interesting potential applications in nanotechnology, for 
example as bioactive substrates [114, 115]. Zirconium oxide nanotubes were 
obtained by hydrothermal methods [116] and, of interest of this work, by direct 
anodizing of zirconium in electrolytes containing F- or Cl- ions [114, 115, 117-132]. 
However, in the available literature, attention was especially focused on finding the 
correct anodizing conditions allowing the development of good nanotubular 
morphologies. Conversely, the mechanism of growth of the nanotubular anodic films 
on zirconium was not completely explained, and the roles played by F-/Cl- ions, 
electrolyte, applied voltage, amount of water added to the organic electrolytes are 
unclear. In [118, 133, 134], the formation of porous zirconium oxide films was 
reported in conditions which were very close to those reported in [118, 127, 132] to 
produce nanotubes. The causes of the transition from porous to nanotubular films are 
also unclear. Furthermore, a critical analysis of the reported experimental results 
reveals a large discrepancy in the morphology and structure of the films among 
different studies considered in Section 1.2.6.1 (as summarized in Tables 1.2 and 1.3). 
In Section 1.2.6.2, the few mechanisms of growth of porous/nanotubular anodic films 
on zirconium proposed in the literature are reported. Then, in Section 1.2.6.3, due to 
the lack of information on the mechanism of growth of porous/nanotubular anodic 
films on zirconium, the mechanisms of growth suggested for the formation of 
titanium oxide nanotubes, the films on titanium being the most studied nanotubular 
anodic films, are briefly summarized. 
 
1.2.6.1 - Anodizing conditions, morphologies and structures of 
porous/nanotubular films on zirconium 
Details of the experimental conditions followed in [114, 115, 117-134] in order 
to form porous or nanotubular films on zirconium in aqueous or organic electrolytes 
are given in Tables 1.2 and 1.3 respectively. Internal and external diameters, or pore 
sizes, and film thicknesses are also reported in the Tables. The main findings related 
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to porous/nanotubular films formed on zirconium in aqueous electrolytes are 
reported in Section 1.2.6.1.1, followed by results relating to films grown in organic 
electrolytes in Section 1.2.6.1.2. 
 
1.2.6.1.1 - Anodic films formed in aqueous electrolytes 
As a pretreatment of the zirconium, all the following authors degreased the 
substrate with organic solvents. 
In [133], Tsuchiya et al. reported the formation of self-organized porous films by 
anodizing zirconium in 1 M sulphuric acid + low concentrations of ammonium 
fluoride (0.1 wt.% = ∼0.027 M). Anodic films were grown under potentiostatic 
conditions, holding constant voltages in the range from 10 to 50 V. The formation 
voltage did not appear to have any effect on the pore size, but well-organized porous 
areas became larger with increase of the voltage. At voltages ≥ 50 V sparking was 
observed. XPS analysis revealed the presence of fluorine and sulphur in the films. 
By anodizing zirconium at 20 V in 1 M sulphuric acid + 0.2 wt.%
 
(∼0.048 M) 
sodium fluoride, Tsuchiya et al. [134] investigated the influence of the initial 
potential sweep (20 V s-1, 1 V s-1 and 20 mV s-1) on the morphologies of the resulting 
porous films. Results from scanning electron microscopy showed that for an initial 
potential sweep of 20 V s-1 inhomogeneous morphologies were obtained: the surface 
appeared to be covered by precipitates or intermediate precipitation products 
(probably zirconium hydroxide). In contrast, by imposing 20 mV s-1, an etched 
morphology was obtained, with highly porous regions between islands and/or 
clusters of zirconium oxide. The best-ordered porous morphology was obtained at an 
initial potential sweep of 1 V s-1, with films having a cubic crystalline structure. 
From studies of the electrolyte composition, including the concentration of F- 
ions, Tsuchiya et al. [127] reported the formation of high aspect ratio zirconium 
oxide
 
nanotubes by anodizing zirconium at 20 V in 1 M ammonium sulphate + 0.5 
wt.% (∼0.135 M) ammonium fluoride. Nanotubes showed a cubic crystalline 
structure, without being annealed. Traces of fluorine were detected by XPS analysis. 
Zhao et al. [132] obtained crystalline zirconium oxide nanotubes by anodizing 
zirconium at different formation voltages in the range from 10 to 50 V in a stirred 1 
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M ammonium sulphate + 0.5 wt.% (∼0.135 M) ammonium fluoride solution (the 
electrolyte was similar to that employed in [127]). By increasing the formation 
voltage, the morphology of the surface of the films changed: at 20 V, cracks started 
to appear on the surface and increased with increase of the voltage. The applied 
voltage was considered to be responsible for the structure of the films; films were 
orthorhombic if the applied voltage was less than or equal to 30 V, while some 
monoclinic phase appeared when the voltage increased to 50 V, but at this voltage 
nanotubes could not be grown. The presence of carbon and fluorine was revealed in 
the films by energy dispersive X-ray spectroscopy. 
Lee and Smyrl [123, 124] obtained self-aligned arrays of amorphous zirconium 
oxide nanotubes by anodizing zirconium at 20 V in 0.5 vol.% hydrofluoric acid. If 
annealed at 1073 K for 6 h, nanotubes transformed to a crystalline structure 
(monoclinic and tetragonal zirconium oxide). Energy dispersive X-ray spectroscopy 
was employed to investigate the compositions of the films, which were fluorine-rich; 
however, following annealing, the fluorine signal disappeared.  
Zhang et al. [130] investigated the effect of the substrate microstructure on the 
formation of zirconium oxide nanotubes. Thus, zirconium subjected to surface 
mechanical attrition treatment (SMATed-Zr), SMATed-Zr annealed at 823 K for 10 
h and non-SMATed-Zr were employed as substrates. In [135, 136], the authors 
reported the formation of nanostructured zirconium using SMAT, with zirconium 
grains increasing gradually from 5 - 10 nm at the surface to ∼100 nm at a depth of 20 
µm from the surface of specimens treated for 1800 s, with a high density of 
dislocations localized at the grain boundaries and in the grains; annealing of 
specimens reduced the dislocation density. Specimens were anodized at 20 V for 
differing times in 1 M ammonium sulphate + 0.15 M ammonium fluoride. No 
significant differences were detected in the morphologies of the anodic films formed 
on the different substrates under similar conditions. Transmission electron 
microscopy showed that the nanotubes appeared to be amorphous at the bottom and 
crystalline at their top. Moreover, by anodizing specimens differently pretreated for 
the same time, the thickest films were obtained on SMATed-Zr, whereas the thinnest 
ones were on non-SMATed-Zr. The authors proposed the following equation (eq. 
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1.19), indicating a parabolic relationship between film thickness, L, and anodizing 
time, t: 
L = constant x t0.25          (eq. 1.19) 
where: the constant (expressed as nm s-0.25) is related to the rate of film growth and 
dissolution (constant = 1.05, 1.40 and 1.45 for non-SMATed-Zr, annealed SMATed-
Zr and SMATed-Zr respectively). The high density of grain boundaries and 
dislocations present in the SMATed-Zr was suggested to promote ionization of 
zirconium, increasing the Zr4+ ion concentration at the metal/anodic film interface. 
In [121], Ismail et al. reported the formation of zirconium oxide nanotubes by 
anodizing zirconium at 20 in 1 M sodium sulphate + 0.135 M ammonium fluoride, 
with the pH of the solution kept at ~3 by adding 1 M sulphuric acid. By anodizing 
zirconium at 50 V in a similar electrolyte, the authors observed that the anodic film 
consisted of two different layers: a nanotubular film located at the top part (~1000 
nm thick) and an irregular inner layer (~5000 nm thick). The authors also 
investigated the influences of increased concentrations of ammonium fluoride in the 
electrolyte (0.27 and 1.35 M) on the morphologies and structures of films formed by 
anodizing zirconium at 20 V for 3600 s. As reported in Table 1.2, thicknesses of 
3000 and 2000 nm were measured for films formed in electrolytes containing 0.27 
and 1.35 M ammonium fluoride respectively, and the morphology of the film had a 
more porous appearance with the highest concentration of ammonium fluoride; these 
results were explained by an increase of the rate of dissolution of the films, 
especially at the anodic film/electrolyte interface. Furthermore, the films formed at 
20 V, under all the investigated conditions, showed (by XRD and Raman 
spectroscopy) a crystalline (cubic and/or tetragonal) structure. 
 
1.2.6.1.2 - Anodic films formed in organic electrolytes 
Zirconium oxide nanotubes were also formed, and then characterized, in organic 
electrolytes containing F- or Cl- ions.  
Zhao et al. [131] obtained amorphous zirconium oxide nanotubes by anodizing 
zirconium at 50 V in a stirred mixture of 1:1 (in volume) glycerol:formamide 
containing 1 wt.% (∼0.27 M) ammonium fluoride and 3 wt.% (∼3.6 vol.%) water. 
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After anodizing, specimens were annealed, showing a crystalline structure 
(monoclinic at 673 K, monoclinic and tetragonal at 873 K and only monoclinic at 
1073 K).  
In [118], Berger et al. reported the formation of highly ordered porous zirconium 
oxide arrays following anodizing of chemically-etched zirconium at 60 V in 0.175 - 
0.35 M ammonium fluoride in glycerol containing 1 vol.% of water. By observing 
the dependence of current density on time during anodizing, a steady-state current 
density was observed and its value increased with increase of the amount of F- ions 
and water in the electrolyte; this reflected a higher electrochemical reaction rate 
(explained by a higher conductivity of the electrolyte). The addition of water (up to 5 
vol.%) to the electrolyte increased the film thickness and changed the morphology of 
the films from porous to nanotubular. Berger et al. suggested that O2- ions were 
provided by the water in the electrolyte and F- ions could compete in the inward 
migration process; a change in the water content could affect the ratio of F-/O2- 
arriving at the metal/oxide interface and, thus, the composition of the film (and the 
cell boundaries). For a sufficient dissociation of ammonium fluoride, a sufficient 
amount of water had to be added to the electrolyte in order to produce strongly 
etching F- ions that could attack the weak sites of the oxide, leading to a nanotubular 
morphology.  
In [117], Berger et al. observed significant improvements in the morphologies of 
the surface of nanotubular films on zirconium (by anodizing zirconium in both 
aqueous - 1 M ammonium sulphate + 0.15 M ammonium fluoride - and organic - 0.3 
M ammonium fluoride in a 1:1 glycerol/ethylene glycol mixture with 4 vol.% added 
water - electrolytes) by following different pretreatments of the substrate. Thus, 
before anodizing, substrates were chemically-etched or pre-anodized at 20 V in 0.75 
M ammonium fluoride for 1800 s; in the latter case, the formed film was removed by 
ultrasonicating in ethanol, leading to ordered dimples on the zirconium surface. By 
anodizing zirconium (with no pretreatment), the surface of the nanotubular film 
appeared partly covered by a thin layer, which was ascribed to deformed areas 
present after manufacturing, and partly covered by needle-like collapsed nanotubes, 
suggested to be due to the etching action of the electrolyte on the formed zirconium 
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oxide. Both features on the surface of the nanotubular film disappeared, by following 
the previously described pretreatments. 
Shin and Lee [126] formed self-organized and highly ordered zirconium oxide 
nanotubes by anodizing electropolished zirconium at 30 V in 0.38 wt.% (∼0.1 M) 
ammonium fluoride and 1.79 wt.% (∼1.8 vol.%) water in ethylene glycol. The 
authors attributed the more uniform morphology of the nanotubes grown on the 
electropolished zirconium with respect to that of the nanotubes grown on bare 
zirconium, to a homogeneous electric field distribution over the metal surface of the 
electropolished substrate. Furthermore, in order to produce a free-standing membrane 
of zirconium oxide nanotube arrays, a cathodic polarization was carried out at -2 V in 
0.5 M sulphuric acid for 180 s. A significant amount of fluorine species was found, 
by XPS, in the nanotubes, which was attributed to the incorporation of F- ions from 
the electrolyte.  
In [128], Vacandio et al. reported the formation of zirconium oxide nanotubes by 
anodizing sputtered zirconium (deposited on chemically-etched silicon wafers) at 20 
V in 0.35 M ammonium fluoride in glycerol with water additions of 2 and 5 vol.%. 
Nanotubes, grown with 2 vol.% added water and analysed by XRD, revealed a 
crystalline structure (FCC). An increase of the external diameters of the nanotubes 
(from ∼12 to 200 nm) was observed by increasing the amount of water added to the 
electrolyte, associated with an enlarged number of defects on the surface of the 
anodized specimens.  
In [115, 129], Wang and Luo studied the influences of the formation voltage 
(from 15 to 30 V) on the diameters and thicknesses (data are reported in Table 1.3) of 
amorphous nanotubes formed on zirconium in 0.35 M ammonium fluoride in 
glycerol + 0.05 M ammonium phosphate + 5 vol.% added water. In [129], the 
authors observed that, after anodizing the zirconium at 30 V for 10 h, the film 
thickness slightly increased until 12 h and then became relatively unchanged from 12 
to 24 h. The presence of fluorine and phosphate was revealed in the films by XPS 
analysis when films were formed in the electrolyte containing ammonium phosphate. 
Films were tested as a bioactive material in various electrolytes and the incorporated 
phosphate enhanced their bioactivity [115].  
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As also reported in [117], Li et al. [125] compared the influences of the chemical 
etching and a pre-anodizing step on the morphologies of nanotubular anodic films 
formed on zirconium at 30 V in 0.01 M ammonium fluoride in ethylene glycol + 
~2.2 vol.% water. By anodizing chemically-etched zirconium, a disordered 
nanotubular film (nanotubes collapsed) was produced under the previous anodizing 
conditions. After removal of the nanotubular film by ultrasonicating in ethanol for 
900 s, the surface of the specimen showed an ordered, hexagonally-packed pattern 
with an average diameter of 39 nm; this morphology was suggested to be responsible 
for the well-aligned and regular nanotubular morphology achieved after a second 
anodizing step. XPS analysis revealed that the film mainly consisted of zirconium 
oxide. After annealing at 673 K for 3 h, the film showed a monoclinic structure.  
Ismail et al. [122] formed zirconium oxide nanotubes by anodizing degreased 
zirconium at 10, 30 and 40 V in 0.07 wt.% (~0.09 M) ammonium fluoride in 
glycerol. The authors observed that the nanotubular morphology improved by 
increasing the applied voltage. Nanotubes were shown to be crystalline, although in 
the XRD spectra the small peak attributed to the zirconium oxide overlapped that 
relating to the zirconium substrate.  
In [119], Fang et al. investigated changes in the morphology and structure of 
free-standing zirconium oxide membranes after annealing at different temperatures in 
the range from 673 to 1173 K. As reported in [117, 125], a pre-anodizing step was 
performed as a pretreatment of the zirconium substrate under experimental 
conditions similar to those reported in [131] for 3 h and the resulting nanotubular 
film was removed by ultrasonicating in deionized water. The pre-anodized zirconium 
was anodized under conditions similar to those reported previously. In order to 
produce and collect a free-standing, amorphous zirconium oxide membrane, the 
anodized specimen was immersed in a saturated copper chloride solution and then 
ultrasonicated in ethanol for 120 s. After annealing the membrane at 673 and 773 K, 
the nanotubular morphology was unchanged; conversely, by increasing the 
temperature to 873 and 973 K, the zirconium oxide nanotubes began to crack and 
break into particles, with cavities on their walls.  When annealed at 1073 and 1173 
K, the zirconium oxide nanotubes transformed into wires, which were composed of 
nano-particles. All the annealed membranes consisted of tetragonal and monoclinic 
Chapter 1 - Literature Review 
 
73 
zirconium oxide crystallites, with the content of monoclinic phase increasing by 
increasing the temperature. A signal from fluorine was detected, by energy dispersive 
X-ray spectroscopy, in the as-formed nanotubes, which disappeared after annealing 
the specimens, as also observed in [123, 124, 131]. 
In [120], Guo et al. reported the formation of amorphous zirconium oxide 
nanotubes by anodizing zirconium at 20 V in 2 wt.% (~2.4 vol.%) hydrochloric acid 
+ 3.5 wt.% (~4.2 vol.%) added water in 1:1 (volume ratio) formamide:glycerol. After 
annealing the nanotubes, the authors observed a change in the structure from 
amorphous to tetragonal (at 673 K) and monoclinic (at 873 K). 
 
1.2.6.2 - Mechanisms of growth of porous/nanotubular films on 
zirconium 
In this Section, the few qualitative models available in the literature for the 
possible mechanisms of growth of porous/nanotubular anodic films on zirconium are 
reported. Generally, similar mechanisms of growth were suggested in both aqueous 
and organic electrolytes containing F- or Cl- ions, with the formation of nanotubes 
attributed to the dissolution and simultaneous formation of zirconium oxide.  
In order to explain the mechanism of growth of the porous anodic films on 
zirconium in 1 M sulphuric acid + low concentrations of ammonium fluoride, 
Tsuchiya et al. [133] suggested that the voltage influenced local active dissolution of 
the film in the early stage of anodizing (ascribed to be responsible for the porous 
appearance of the films), and the migration processes of F- and O2- ions. Conversely, 
a nanotubular morphology was obtained by the authors in [127]. The transition from 
a porous to a nanotubular morphology was suggested to be due to the chosen buffer 
electrolyte, which affected the local pH value within the pores, with respect to the 
more acid electrolyte employed in [133]. 
Zhao et al [132] reported the following reactions involved in the mechanism of 
growth of nanotubular anodic films formed on zirconium under potentiostatic 
conditions in F- ion- containing aqueous electrolytes.   
−+ +→ e4ZrZr 4                  (eq. 1.20) 
4
4 )OH(ZrOH4Zr →+ −+            (eq. 1.21) 
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−−+ →+ 26
4 )ZrF(F6Zr             (eq. 1.22) 
OH2ZrO)OH(Zr 224 +→            (eq. 1.23) 
OH2)ZrF(H4F6ZrO 2262 +→++ −+−          (eq. 1.24) 
Formation and dissolution of the films occur simultaneously; when anodizing takes 
place, following the reaction of (eq. 1.20), OH- and F- ions accumulate at the anode 
surface, leading to the formation of insoluble zirconium oxide (eqs. 1.21 and 1.23). 
Additionally, Zr4+ ions can react with F- ions, with the formation of (ZrF6)2- 
complexes (eq. 1.22). For low formation voltages, the reaction of (eq.1.20) proceeds 
very slowly; the migration of OH- and F- ions towards the anode, faster or 
comparable with respect to the formation of Zr4+ ions, would explain the formation 
of a dense zirconium oxide film at low voltages (10 V). At higher voltages, the rate 
of reaction of (eq. 1.20) increases. Because the volume of OH- ions is larger than that 
of F- ions, the authors suggested that the migration rate of OH- ions is slower than 
that of F- ions: thus, OH- ions cannot be replaced in time at the anode surface, while 
the F- ion concentration can be considered constant at the anode surface. Thus, the 
formation rate of (ZrF6)2- will be faster than that of zirconium oxide. Different 
migration rates of F- and OH- ions are suggested to be responsible for the lower 
density and cracked surfaces of the films formed at high formation voltages. 
Similarly, Zhang et al. [130] suggested that the formation of pores is sustained 
by localized dissolution of the oxide and the formation of new material at the bottom 
of the film, with nanotubes formation resulting from gradual separation of the pores, 
by increasing the anodizing time, for nanotubular anodic films formed in aqueous 
electrolytes containing F- ions.  
In [121], according to morphological results reported in Section 1.2.6.1.1 for 
nanotubular anodic films formed on zirconium at 20 V in aqueous electrolytes 
containing F- ions, Ismail et al. proposed that at the initial stage of anodizing a 
barrier-type film is formed; the formation of pores is then suggested to occur due to 
field-assisted dissolution and/or chemical dissolution of the oxide. Pits are 
considered to be the pore nucleation centres, leading to the formation of nanotubes. 
Dissolution and simultaneous formation of oxide are supposed to assist the growth of 
the anodic film, according to the model proposed by Zhao et al. [132]. Conversely, 
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by anodizing zirconium at 50 V, Ismail et al. observed that the anodic film consisted 
of two different layers: a nanotubular film located at the top part and an irregular 
inner layer. The authors suggested that the balance between chemical 
dissolution/field-assisted dissolution and oxidation processes was interrupted at 50 
V. The different morphologies were attributed to the differing 
migration/incorporation rates of O2- and F- ions at higher formation voltages, with the 
O2- ions migrating faster at 50 V than at 20 V and forming a thick zirconium oxide 
layer at the metal/anodic film interface. 
Zhao et al. [131] suggested that the mechanism of growth of the nanotubular 
anodic films formed on zirconium in organic electrolytes containing F- ions was 
dependent on the topography of the zirconium substrate. At the initial stage of 
anodizing, the current density decreases drastically and then more gradually during 
further anodizing; the initial current drop is attributed to the formation of a barrier-
type film with an elevated resistance, according to the reactions of (eqs. 1.20, 1.21 
and 1.23). The thickness of this film is variable due to micro-heterogeneity of the 
zirconium substrate, with thicker and thinner films formed on the convex and 
concave regions respectively of the substrate. Thus, higher electric fields and 
reaction rates exist at the concave regions compared with those achieved at the 
convex regions, resulting in a low mass transfer resistance, with the consequent 
formation of the original nanopores. Volume changes are suggested to accompany 
the oxidation process, leading to internal stresses between the nanopores and 
consequent formation of microcracks. The formation of the nanotubes is considered 
to be due to the dissolution of the oxide at the fractured regions of the surface in 
electrolytes containing F- ions, according to the reaction of (eq. 1.24). A high 
formation rate of the nanotube material and a slow dissolving rate of the oxide result 
in a decrease of the current density. However, when nanotubes are rather long, the 
growth rate decreases due to a high mass transfer resistance in the pores, and the 
dissolution rate increases resulting in a relatively stable current density.  
Similarly, Guo et al. [120] suggested the following mechanism of growth for 
nanotubular anodic films formed on zirconium in organic electrolytes containing Cl- 
ions. Observing the anodizing curves (characterized by a sudden decrease of the 
current, followed by the achievement of a steady value), the authors suggested that at 
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the beginning of anodizing, the formation of zirconium oxide occurs on the 
zirconium surface because of the interaction between Zr4+ ions and O2- and OH- ions 
coming from the electrolyte. Moreover, a field-assisted dissolution of the zirconium 
oxide, as soluble chloride complexes, occurs at the zirconium oxide/electrolyte 
interface (eq. 1.25): 
OH2)ZrCl(H4Cl6ZrO 2262 +→++ −+−          (eq. 1.25) 
The authors suggested that the growth of the zirconium oxide leads to a volume 
increase. This phenomenon creates a high stress, with the formation of microcracks 
at the oxide/electrolyte interface. The electric field distribution within the oxide 
changes because of the presence of the microcracks; as a result, the concentration of 
Cl-, O2- and OH- ions increases where the field is higher, especially at the bottom of 
the microcracks, which becomes the preferential site of dissolution of the zirconium 
oxide. Deepening of the pores in the film then occurs, sustained by the formation of 
new oxide material at the zirconium/zirconium oxide interface and the 
electrochemical dissolution of the oxide at the zirconium oxide/electrolyte interface.  
 
1.2.6.3 - Mechanisms of growth of porous/nanotubular films on 
titanium 
As in the case of the zirconium, formation of nanotubular anodic films on 
titanium has been often described by a model involving oxide formation and 
dissolution (with (i) the formation of a barrier-type film, (ii) the growth of pores and, 
finally, (iii) the formation of nanotubes as main stages) [137]. However, several, 
more detailed models, which are reported in this Section, were suggested to explain 
the formation of nanotubular (instead of porous) films. 
Devine et al. [138, 139] suggested a thermodynamic/electrochemical mechanism 
of growth of nanotubular anodic films on titanium, focused on the initial stage of 
pore initiation. According to this model, pores initiate as a consequence of 
compositional and potential gradients in the oxide at the oxide/electrolyte interface 
and capillary effects, which lead to the breakdown of the planar interface into an 
initially disorganized nanoporous morphology. Arrays of dents, leading to nanopores 
or nanotubes, should form in oxides that electrochemically or chemically dissolve 
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and whose dissolution rate is accelerated by electrolyte species, such as F- ions, 
which complex metal cations or catalyze the oxide chemical dissolution. Thus, the 
authors suggested that the dents, or surface perturbations, could be modelled by a 
series of sine waves whose growth rates are a function of their wavelengths; the pore 
organization derives as a consequence of a particular pore diameter propagating at a 
rate faster than the others. This model implicitly considers that the film growth 
occurs in aqueous electrolytes. 
In order to explain the nanotubular morphology obtained for anodic films formed 
on titanium in 0.5 M phosphoric acid + 0.14 M hydrofluoric acid or sodium fluoride, 
Raja et al. [140] suggested that the formation of nanotubes was the result of the 
coalescence of voids which are formed during anodizing and simultaneous 
dissolution of the film. According to this model, voids are generated in the nanotubes 
as a consequence of the condensation of cation vacancies due to oxide dissolution. 
As these vacancies are formed in the inner walls of a tube, they diffuse radially 
outwards where they eventually merge with other vacancies, forming voids; the 
nanotubular morphology then results from the coalescence of voids from adjacent 
tubes.  
Conversely, Yasuda et al. [141] suggested that high tensile stresses, due to 
volume expansion associated with the rapid oxide formation, caused the nanotube 
separation. 
Su and Zhou [142] observed, by transmission electron microscopy, that the walls 
of nanotubes formed on titanium (at 60 V in ethylene glycol containing small 
additions of ammonium fluoride and water) consisted of two different amorphous 
layers; furthermore, by investigating the nanotubular films by Fourier transform 
infrared spectroscopy, the authors observed a bump in the spectra related to structural 
OH-. Based on these observations, Su and Zhou suggested that, during the growth of 
nanotubular films on titanium, OH- ions migrate from the oxide/electrolyte interface 
to the oxide/metal interface to oxidize titanium, where the formation of a layer of 
titanium hydroxide occurs. As the oxidation process continues at the metal/hydroxide 
interface, the titanium hydroxide at the hydroxide/oxide interface is dehydrated to 
titanium oxide. When the hydroxide layer between the walls is partially dehydrated, 
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nanotubes separate; further dehydration could lead to formation of cluster of titanium 
oxide nanocrystallites, which were also observed in [143].   
In [144], nanotubular films were formed by anodizing titanium at 20 V in 0.2 M 
ammonium fluoride in glycerol containing different amounts of added water (up to 
50 vol.%). The addition of water to the electrolyte promoted the formation of ribs, 
bridging the external walls of the nanotubes. By considering that nanotubular films 
mainly consist of titanium, oxygen, fluorine and carbon [145], a mechanism of 
growth for the film involving different migration rates of the species across the 
nanotube base was suggested by Valota et al.. According to [144], each nanotube cell 
is constituted by three layers (all of them containing titanium), result of differing 
anion migration rates, which increase in the order of carbon, oxygen and fluorine. In 
order to explain the presence of ribs at the external walls of the nanotubes, it was 
proposed that the titanium fluoride layers at the peripheries of the cells undergo rapid 
chemical dissolution relatively to the other cell layers; then, the dissolution of the 
layers, which was suggested to increase with the addition of water to the electrolyte, 
creates interstices between the nanotubes to relative depths dependent on the rates of 
layer dissolution and film growth. Stresses in the film and rupture of the layers are 
suggested to assist the penetration of the electrolyte along the cell boundaries. Thus, 
the fluoride layer may dissolve; however, during anodizing, the residual film at the 
cell boundaries would thicken until similar electric fields are achieved in these 
regions and at the nanotube base, favouring the migration of species at the cell 
boundaries. The film formed at the nanotube boundaries probably comprises oxide- 
and fluoride-rich layers, due to the differing migration rates of O2- and F- ions. The 
oxide-rich material, subsequently, forms ribs. However, the material at the cell 
boundaries possibly differs in composition with respect to that of the nanotube 
material, due to the relatively differing thicknesses of the layers constituting the film 
and to the modified composition of the electrolyte at the cell boundaries.  
Cao et al. [146, 147] suggested a mechanism of growth, called “layer- by-layer”, 
of nanotubular films formed on titanium in 0.17 M ammonium fluoride in glycerol, 
containing different amounts of added water, under potentiostatic conditions. After 
the formation of a barrier-type film at the initial stage of anodizing, current 
oscillations were observed in the anodizing curves, which were attributed to random 
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breakdown phenomena in the film. According to this model, the enrichment of F- 
ions at the breakdown points led to a fast chemical dissolution of the titanium oxide 
at these locations, according to the reaction of (eq. 1.26): 
OH2)TiF(H4F6TiO 2262 +→++ −+−         (eq. 1.26) 
The expansion of breakdown is responsible for the formation of pits. As the pit size 
increases, the electric field in the protruded, un-anodized locations of the substrate 
between the pores increases, enhancing the field-assisted oxide growth and 
dissolution; the oxide is formed and broken down “layer by layer” and the current 
curve shows oscillations correspondingly. Therefore, some oxide between adjacent 
layers would remain and form ribs, which were found on the external walls of the 
nanotubes formed in the electrolytes containing added water, as in [144]. 
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1.3 - Figures and Tables 
 
 
 
 
 
 
 
 
 
 
Reference Electrolyte A / A cm-2 B / cm V-1 
Charlesby [105] ammonium borate 1.0 x 10-11 3.4 x 10-6 
Adams et al. [106] 
ammonium borate 2.9 x 10-11 4.6 x 10-6 
sodium carbonate 2.0 x 10-12 6.0 x 10-6 
Hopper et al. [107] sodium carbonate 6.9 x 10-12 3.8 x 10-6 
Howes [73] ammonium borate 1.0 x 10-10 3.3 x 10-6 
 
Table 1.1 – Kinetics constants (Guntherschultze and Betz theory) obtained by Charlesby [105], 
Adams et al. [106], Hopper et al. [107] and Howes [73]. 
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                     Table 1.2 – Anodizing conditions reported in the literature in order to obtain porous/nanotubular films on zirconium in aqueous electrolytes. 
Reference electrolyte U / V time / s morphology thickness / nm Dext / nm 
Dint or  
pore size / nm 
rate of  
growth / nm s-1 
Tsuchiya et al. 
[133] 
1 M sulphuric acid + 
0.027 M ammonium fluoride 10-50 18000 porous several 10000 / 10 - 100 / 
Tsuchiya et al. 
[127] 
1 M ammoum sulphate + 
0.135 M ammonium fluoride 20 3600 nanotubular 17000 50 / 4.7 
Tsuchiya et al. 
[134] 
1 M sulphuric acid + 
0.048 M
 
sodium fluoride 20 3600 porous several 10000 / 50 / 
Zhao et al. 
[132] 
1 M ammonium sulphate + 
0.135 M ammonium fluoride 10-50 10800 nanotubular 12000 40 / 1.1 
Lee and Smyrl 
[123, 124] 0.5 vol.% hydrofluoric acid 20 1200 nanotubular / 30 20 17.0 
Guo et al. 
[114] 
1 M ammonium sulphate + 
0.135 M ammonium fluoride 20 10800 nanotubular 20000 50 / 1.9 
Zhang et al. 
[130] 
1 M ammonium sulphate + 
0.15 M ammonium fluoride 20 
30 porous / / 10 
(eq. 1.19) 300 nanotubular / / 30 
900 nanotubular / 60 / 
Ismail et al. 
[121] 
1 M sodium sulphate + 
0.135 M ammonium fluoride 
20 
3600 
nanotubular 6000 40 20 1.7 
50 irregular 6000 50 30 1.7 
2 M sodium sulphate + 
0.27 M ammonium fluoride 20 nanotubular 3000 30 / 0.8 
3 M sodium sulphate + 
1.35 M ammonium fluoride 20 porous 2000 / / 0.6 
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Reference pretreatment Electrolyte U / V time / s morphology thickness / nm Dext / nm 
Dint or 
pore size / nm 
rate of  
growth / nm s-1 
Zhao et al. 
[131] degreasing 
0.27 M ammonium fluoride 
+ 3.6 vol.% water in 1:1 glycerol:formammide 50 86400 nanotubular 190000 130 66 2.2 
Berger et 
al. [118] 
 
etching 
0.175 - 0.35 M ammonium fluoride 
in glycerol 
60 3600 
porous 2000 / / 0.6 
0.175 - 0.35 M ammonium fluoride 
in glycerol + 1 vol.% water porous 4300 / 30 1.2 
0.175 - 0.35 M ammonium fluoride 
in glycerol + 5 vol.%  water nanotubular 7500 80 / 2.1 
Shin and 
Lee [126] electropolishing 
0.1 M ammonium fluoride + 
1.8 vol.% water in ethylene glycol 30 3600 nanotubular / 60 16 1.8 
Vacandio 
et al. [128] sputtered Zr 
0.35 M ammonium fluoride 
in glycerol + 2 or 5 vol.%  water 20 1200 nanotubular 2000 12 - 200 / 1.7 
Wang and 
Luo 
[115, 129] 
etching 0.35 M ammonium fluoride in glycerol + 5 vol.% water + 0.05 M ammonium phosphate 
15 
3600 nanotubular 
5500 52 / 1.5 
20 7500 53 / 2.1 
25 10500 60 / 2.9 
30 11500 75 50 3.2 
Li et 
al. [125] 
etching 0.01 M ammonium fluoride 
in ethylene glycol + 2 vol.% water 
30 1800 
nanotubular 
/ 16 - 46 / / 
pre-anodizing 30 300 2300 26 -36 / 7.7 
Ismail et al. 
[122] degrasing 0.09 M ammonium fluoride in glycerol 10 - 40 3600 nanotubular 1000 - 2000 30 - 60 / 0.3 - 0.6 
Fang. et al. 
[119] pre-anodizing 
0.27 M ammonium fluoride 
+ 3.6 vol.% water in 1:1 glycerol:formammide 50 10800 nanotubular 31000 / 60 2.8 
Guo et 
al. [120] degreasing 
2.4 vol.% hydrochloric acid + 
4.2 vol.% water in 1:1 formamide:glycerol 20 18000 nanotubular 33000 250 - 300 / 1.8 
 
                    Table 1.3 – Anodizing conditions reported in the literature in order to obtain porous/nanotubular films on zirconium in organic electrolytes.
Chapter 1 - Literature Review 
 
83 
 
 
 
 
 
Figure 1.1 – Schematic representation of an anodic polarization curve, recorded potentiodynamically, 
related to a general passive metal/electrolyte system. 
 
 
 
 
 
Figure 1.2 – Schematic representation of a uniform barrier-type anodic oxide with flat and parallel 
metal/oxide and oxide/electrolyte interfaces. 
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Figure 1.3 – Schematic representation of a cross-section of a porous anodic film on aluminium: Dpore 
is the pore diameter, xw is the thickness of the pore wall and xb is the thickness of the barrier layer. 
 
 
 
 
 
Figure 1.4 – Mott and Cabrera model: potential energy diagram of a mobile ion as a function of its 
distance from the metal surface in the absence and the presence of an applied electric field. M and O 
are kink sites on the metal surface and in the oxide respectively. 
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Figure 1.5 – Pourbaix diagram for the zirconium-water system at 298 K. 
 
 
 
 
 
Figure 1.6 – Schematic representation of the process of anodic oxide formation on zirconium. 
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Chapter 2 - Experimental 
2.1 - Preparation of zirconium and zirconium alloys 
substrates 
In this work, chemically-etched zirconium sheets and magnetron-sputtered 
zirconium layers (including zirconium alloys) were used as substrates. Magnetron 
sputtering was employed as a technique to deposit zirconium films onto 
electropolished aluminium, which, because of its relatively flat and defect-free 
surface, enables deposition of layers of relatively uniform thickness, such that any 
need for pretreatment of the zirconium before anodizing is avoided. The following 
Sections (Sections 2.1.1 and 2.1.2) describe the experimental conditions adopted to 
prepare the zirconium substrates.  
 
2.1.1 - Chemical etching of zirconium sheets 
Bulk zirconium specimens, of dimensions of 3 cm x 2 cm, were cut from 
zirconium foils (of a 98% purity) provided by Goodfellow. The main impurities 
present in the foils (from the provider’s analysis) were: C 250, Hf 2500, Fe 200, 
Cr 200, N 100, O 1000 and H 10 p.p.m. In order to polish the surface, remove 
contamination and make it flat and reproducible, chemical etching was performed by 
immersion of specimens in a 40% hydrofluoric acid/water/70% nitric acid (1:2:4 
volume ratios) mixture for 3 s, at room temperature. Chemical etching was followed 
by immersion in 70% nitric acid for several seconds; the specimens were finally 
rinsed with deionized water. Chemically-etched specimens showed a uniform, 
whitish-tarnished surface. 
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2.1.2 - Deposition of zirconium and zirconium alloys by 
magnetron sputtering 
Magnetron sputtering [148] is a vacuum coating technique used to deposit 
metals, alloys and compounds (with film thicknesses up to ∼5 µm) onto a wide range 
of materials. This technique is a magnetically-enhanced variant of diode sputtering, 
used in many commercial applications, such as in microelectronics.  
In this work, sputtering was carried out in an Atom Tech system, with four 
magnetrons; the sputtering chamber is shown in Fig. 2.1. Before sputtering, in order 
to clean the internal environment, the chamber was evacuated to a low pressure in the 
range from 2.5 x 10-4 to 4.8 x 10-4 Pa; then the deposition of zirconium or zirconium 
alloys was carried out in 99.998% argon at 5.4 x 10-1 Pa. 
The zirconium or zirconium alloys were deposited onto electropolished 
aluminium (of a 99.999% purity) substrates, of dimensions 4 cm x 2 cm. The 
substrates were attached to a substrate holder consisting of a large copper disk, the 
temperature of which increased from 293 to 305 K during deposition. In order to 
obtain sputtered layers of uniform thickness and composition, the substrate holder 
was rotated around the central axis of the chamber during the deposition.  
 
2.1.2.1 - Electropolishing of aluminium 
Electropolishing of aluminium is an anodic process which allows removal or 
reduction of macroscopic irregularities in order to obtain a smooth and bright surface 
without scratches. In the electrolytic cell, the specimen to be electropolished is the 
anode. Electropolishing can be performed under potentiostatic or galvanostatic 
conditions. In general the electropolishing electrolyte is a concentrated acid, such as 
phosphoric acid, sulphuric acid or its mixtures, perchloric acid-acetic acid or 
perchloric acid-ethanol mixtures [149]. Electropolishing in a perchloric acid-ethanol 
bath results in mirror-finished surfaces for high purity aluminium. 
In this work, electropolishing of aluminium foils was performed under 
potentiostatic conditions (under a constant voltage of 20 V, applied by a power 
supply, for 180 s) in a 1:4 (volume ratio) 60% perchloric acid (provided by Fisher 
Scientific)/ethanol (of a 99.99% purity - provided by Fisher Scientific) mixture. The 
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electrolyte was stirred and its temperature was kept in the range from 278 to 288 K 
during the procedure, using a bath containing ice and water to provide cooling of the 
cell. An aluminium sheet was used as the cathode. After electropolishing, the 
specimens were immersed in ethanol and deionized water for several seconds and 
rinsed with deionized water in order to remove residues of the electropolishing 
solution. 
 
2.1.2.2 - Deposition of the zirconium layers 
The deposition of zirconium was carried out at 0.38 A; during the deposition, the 
voltage varied from 315 to 330 V. A zirconium target provided by Goodfellow, of a 
99.8+% purity, was used. Its thickness and diameter were 0.35 and 5 cm 
respectively. The main impurities present in the target (from the provider’s analysis) 
were: C 250, Hf 2500, Fe 200, Cr 200, N 100, O 1000 and H 10 p.p.m. The 
deposition was carried out for 2400 s. 
 
2.1.2.3 - Deposition of the Zr-Si alloy 
A Zr-Si alloy was deposited using the previous zirconium target, with a silicon 
wafer (of a 99.999% purity), of 1/5 of the area of the zirconium target, set down 
carefully on the zirconium target. The deposition was carried out for 2700 s at a 
current of 0.45 A, with the voltage varying from 315 to 335 V.  
 
2.1.2.4 - Deposition of the Zr-W alloy 
A Zr-W alloy was also deposited, using the zirconium target mentioned 
previously and a tungsten target. The tungsten target, with thickness and diameter of 
0.35 and 5 cm respectively, was provided by Goodfellow. The target was of a 
99.95+% purity, with Ca < 20, Cu < 20, Fe < 20, Mg < 10, Mo < 150, Ni < 20, Pb < 
50, Si < 50, Sn < 30, Ti < 20, C < 30, H < 6, N < 10 and O < 30 p.p.m present as 
main impurities (from the provider’s analysis). The co-deposition of zirconium and 
tungsten was carried out in the chamber at 0.45 and 0.15 A respectively. During the 
deposition, the voltage of the zirconium target varied from 338 to 368 V, whereas 
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that of the tungsten target was in the range from 245 to 285 V. The deposition was 
carried out for 2700 s.   
 
2.2 - Anodizing  
Anodizing of the zirconium and zirconium alloys was performed under selected 
electrochemical conditions leading to the formation of porous/nanotubular films or 
barrier-type films. 
A schematic representation of an electrochemical cell, connected to a 
potentiostat, is shown in Fig. 2.2; the arrangement is similar to that employed for 
anodizing the present specimens. The cell used in this work is displayed in Fig. 2.3a; 
it contains an o-ring seal at its bottom in order to expose a constant area of the 
working electrode (of 1.54 cm2) to the electrolyte. A titanium counter electrode, 
parallel to the working electrode surface, was employed in organic solutions. A 
platinum electrode was used as the pseudo-reference electrode. The configuration of 
the electrodes is schematically shown in Fig. 2.3b. A platinum gauze (or a bent 
aluminium sheet surrounding the anode) was employed as the cathode when 
anodizing was performed in aqueous electrolytes; in this case a saturated calomel 
electrode (SCE) was used as the reference electrode (0 V (NHE) ∼-0.24 V (SCE)).  
A 0.1 M ammonium pentaborate (≥ 99% pure - provided by Sigma-Aldrich®) 
solution was used as an aqueous electrolyte. A solution of 0.35 M ammonium 
fluoride (≥ 98% pure - provided by Sigma-Aldrich®) in glycerol (of a 98+% purity - 
provided by Fisher Scientific) was employed as an organic electrolyte; deionized 
water was sometimes added to the electrolyte (up to 5 vol.%), keeping the same 
concentration of ammonium fluoride (0.35 M) in the mixture. For selected 
specimens, the added water was enriched to 10% in 18O (Cambridge Isotope 
Laboratories, Inc. (U.S.A.)). When aqueous electrolytes were employed, the 
electrolyte was stirred by placing an electrical paddle stirrer centrally in the cell; 
conversely, quiescent conditions were adopted when anodizing was performed in 
organic electrolytes.  
Anodizing was performed under both galvanostatic and potentiostatic conditions, 
depending on the system under study, at room temperature. Under galvanostatic 
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conditions, a constant current density was imposed until the achievement of a final 
formation voltage. An EG&G 264 Solartron potentiostat interfaced to a PC was 
employed. Using Corrware software, it was possible to record voltage-time responses 
on the PC. Under potentiostatic conditions, a constant formation voltage was applied 
using an EG&G Instruments Scanning Potentiostat Model 362, connected to a 
Ministat MKIV Sycopel Scientific signal amplifier. The current response was 
recorded by a National Instruments data logger system. Using Corrware software, 
current-time responses were recorded on a PC. After anodizing, specimens were 
rinsed with deionized water and dried by a flow of air. 
 
2.3 - Techniques employed to characterize the specimens 
2.3.1 - Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) [150] uses a focused beam of high-energy 
electrons to generate a variety of signals at the surface of solid specimens. The 
signals that derive from electron-specimen interactions reveal information about the 
specimen, including external morphology (texture), chemical composition, 
crystalline structure and grain orientation. In most applications, data are collected 
over a selected area of the surface of the specimen and a 2-dimensional image of the 
specimen is generated. Through SEM, it is also possible to perform specific analyses 
of selected points or areas of the specimen in order to determine qualitatively or 
semi-quantitatively chemical compositions (using energy dispersive X-ray 
spectroscopy, EDX) and crystallographic orientation (using electron backscattered 
diffraction, EBSD). In Fig. 2.4, a schematic diagram represents the main components 
of the scanning electron microscope. Its main elements are: an electron source, called 
the “gun”, electron lenses, detectors for all signals of interest and a display, where it 
is possible to observe the acquired images.  
In this work, Evo 50 and Evo ULTRA 55 scanning electron microscopes, both 
manufactured by ZEISS, were employed.  
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2.3.2 - Transmission electron microscopy (TEM) 
Information obtained by transmission electron microscopy, TEM, derives from 
the scattering of electrons that occurs when an incident electron beam crosses a 
specimen. There are two different kinds of electron scattering: elastic and inelastic. 
Elastic interaction occurs when electrons cross the effective potential field of nuclei 
in the atoms of the specimen: this phenomenon involves no energy loss. In contrast, 
inelastic interaction of electrons with electrons, which are in the atoms of the 
specimen, produces energy losses and absorption. The elastic scattering process 
contributes to the diffraction pattern that gives information on the structure of the 
specimen: it is possible to determine if the scattering centres - atoms in the specimen 
- are arranged regularly, as in a crystal, or not, as in an amorphous material. The 
inelastic scattering, which can also produce regular diffraction effects, involves 
absorption processes that provide information about the atomic species present in the 
specimen by analysing the resulting characteristic energy losses and X-ray or Auger 
electron emissions. 
JEOL 200 FX II and Philips Tecnai transmission electron microscopes (equipped 
with energy-dispersive X-ray (EDX) and electron energy-loss spectroscopy (EELS) 
[151] facilities), operated at accelerating voltages of 120 and 300 kV respectively, 
were employed in this work. 
 
2.3.3 - Preparation of the specimens for TEM and SEM 
2.3.3.1 - Ultramicrotomy 
Ultramicrotomy was employed in order to prepare sections of specimens 
(sputtered substrates and anodized sputtered specimens; sections of films formed on 
the chemically-etched zirconium could not be obtained by ultramicrotomy due to the 
enhanced hardness of the bulk zirconium compared with that of the sputtered 
zirconium) for TEM or SEM. Firstly, specimens were cut into small pieces and 
encapsulated in epoxy resin (provided by Agar Scientific), consisting of two 
components, A (24 g resin and 26 g dodecenyl succinic anhydride) and B (24 g resin 
and 26 g methyl nadic anhydride), mixed in equal amounts with a small quantity of 
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benzyl dimethylamine accelerator. The resin was hardened at 333 K for at least 24 h 
in an electrical oven.  
The ultramicrotomy process consists of trimming the specimens with a glass 
knife to form a truncated pyramid shape on their tops; the sections were obtained by 
cutting the tips of trimmed specimens with a diamond knife.  
A LEICA Ultracut ultramicrotome was employed to prepare the sections in this 
study. The resulting specimen sections floated onto the water meniscus above the 
diamond knife and were collected on 400 mesh copper grids, provided by Agar 
Scientific; the grids were dried on filter paper. The sections were of a nominal 
thickness of 15 nm. 
  
2.3.3.2 - Scraping 
In order to observe nanotubes by TEM and SEM, specimens were scraped from 
the anodized surfaces of the zirconium, using a cleaned steel knife, onto water 
droplets located on a microscope glass. The removed nanotubes were collected on 
200 mesh copper grids covered by carbon (provided by Agar Scientific), and dried 
on filter paper. Nanotubes could be readily collected when formed in glycerol-based 
electrolytes containing 1 and 5 vol.% added water. However, few nanotubes could be 
collected for films formed without added water due to their porous rather than 
nanotubular morphology (see Chapter 4). Average values of characteristic nanotube 
sizes (internal and external diameters, and base thicknesses) were obtained by 
examining about 25 nanotubes for each specimen, for films formed in the electrolytes 
containing added water. Conversely, about 5 nanotubes for each specimen could be 
examined for the films formed in the electrolyte containing no added water. 
 
2.3.3.3 - Focused ion beam (FIB) 
Focused ion beam, FIB, systems operate in a way similar to that of scanning 
electron microscopes (see Section 2.3.1), but use a finely focused beam of ions 
(usually gallium ions) that can be employed at low beam currents for imaging or high 
beam currents for site specific sputtering or milling. 
Due to the hardness of the zirconium (and zirconium alloys), selected anodized 
specimens were milled by FIB. An FEI DualBeam NOVA600i system operated at 30 
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kV, with beam currents decreasing from 10 nA to 30 pA, was employed in this work. 
In order to protect the specimen against beam damage, a platinum coating (∼1 µm 
thick) was deposited on the film surface. Milling was carried out perpendicularly to 
the surface, with final thinning to ∼30 nm thickness. The ion-milled sections were 
collected on 200 mesh copper grids covered by carbon.  
 
2.3.4 - Rutherford backscattering spectroscopy (RBS) 
Rutherford backscattering spectroscopy (RBS) is a technique for quantitative 
analysis of surface films. Information contained in backscattered particles gives data 
on the composition and the distribution of components within the specimen and its 
thickness. Here, the principles of RBS are briefly described [152]. An energetic beam 
of the order of 0.5 - 3.0 MeV of light ions - α-particles - (H+, D+, 3He+, 4He+) 
impinges on a target and some of the ions are elastically scattered by surface atoms 
while other ions penetrate the target, lose energy and then are backscattered at 
various depths. Particles coming from the target as a result of these interactions are 
detected and analysed. The analysis consists of plotting the number of backscattered 
α-particles as a function of their energy [153]. The resulting spectrum contains 
information on the nature of the elements present in the target and their depth 
distribution.  
In this work, bombardment of specimens was performed with a mono-energetic 
beam of 4He+ ions at energies in the range from 1.7 to 2.0 MeV, provided by the Van 
de Graaff accelerator of the University of Paris. A fraction of scattered particles was 
detected at an angle of 165° with respect to the direction of the incident beam 
(diameter of the incident beam ∼1 mm). RBS data were fitted using the RUMP 
program [154]. 
 
2.3.5 - Nuclear reaction analysis (NRA) 
Nuclear reaction analysis (NRA) is a technique for the analysis of surface films 
using light ion beams with energies in the range from 1 to 10 MeV [155]. When an 
ion “a” hits an atom “A” it may cause a nuclear reaction. An intermediate excited 
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nucleus I* is then formed, which decays to the ground state “B” by emission of a 
particle “b”. The emitted particle “b” can be a γ photon, or an ion (H+, He2+), and 
will have a characteristic energy. By NRA, the concentration of selected light 
elements as a function of depth in thin surface films can be determined. The 
accessible depth is typically of several microns. For protons with energies in the 
MeV range, (p, γ) reactions for the isotopes 7Li, 15N, 18O and 19F can be used for 
depth profiling. With MeV deuteron projectiles, many nuclear reactions can be used 
for NRA; deuterons, for example, have useful nuclear reactions with the isotopes 12C, 
14N and 16O. 
In this work, measurements of 16O and 18O contents of specimens were made by 
NRA, employing a 1 mm diameter beam of 0.87 MeV 2H+ ions and 0.75 MeV H+ 
ions respectively; emitted protons and α-particles, from the 16O(d,p1)17O and 
18O(p,α)15N reactions respectively, were detected at an angle of 150° with respect to 
the direction of the incident beam. A mylar film in front of the detector stopped 
elastically scattered 2H+ and H+ ions. Oxygen contents, NO, measured as the number 
of oxygen atoms per unit area, were determined by comparing the integrated yields 
for oxygen, YO, in the NRA spectra of the specimens of interest and the integrated 
yields of reference specimens of known 16O and 18O contents. The amounts of carbon 
in the specimens were then determined from the yields for carbon YC and cross-
section σC for the reaction 12C(d,p0)13C, and yields for oxygen YO and cross-section 
σO for the reaction 16O(d,p1)17O as follows: 
OC
CO
O
C
Y
Y
N
N
σ
σ
=
             
(eq. 2.1) 
Similarly, the amounts of nitrogen present in the specimens were determined from 
the yields for nitrogen YN and cross-section σN for the reaction 14N(d,p5)15N, and 
yields for oxygen YO and cross-section σO for the reaction 16O(d,p1)17O as follows: 
ON
NO
O
N
Y
Y
N
N
σ
σ
=
            
(eq. 2.2) 
The cross-sections for the 12C(d,p0)13C, 14N(d,p5)15N and 16O(d,p1)17O reactions, σC, 
σN and σO respectively, were taken from data in the literature [156, 157]. According 
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to data reported in the literature, values of 0.3 and 1.5 were used for
C
O
σ
σ
 and 
N
O
σ
σ
respectively.    
 
2.3.6 - Glow discharge optical emission spectroscopy (GDOES)  
Glow discharge optical emission spectroscopy (GDOES) is an analytical 
technique used to measure the concentration of elements in solid materials. A stream 
of argon ions mills material from the specimen surface; the sputtered material is then 
excited in a low pressure plasma discharge and the resulting light emission is used to 
characterize and quantify the specimen composition [158].  
In this work, a GD-Profiler 2 (Horiba Jobin Yvon), operating in the rf-mode at 
13.56 MHz, was employed to analyse the elemental depth distributions of an anodic 
film formed on the Zr-W alloy at 1 mA cm-2 in 0.1 M ammonium pentaborate. A 4 
mm diameter copper anode and high purity argon gas were used for generation of 
plasma. The emission responses from the excited sputtered elements were detected 
with a polychromator of focal length of 500 mm with 30 optical windows. The 
emission lines used were 130.22 nm for oxygen, 429.61 nm for tungsten and 249.68 
nm for boron. The zirconium response was recorded using a monochromator 
adjusted to a line at 229.90 nm. The elemental depth profiling was carried out at an 
argon pressure of 700 Pa and a power of 35 W.  
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2.4 - Figures 
 
 
 
 
 
 
 
 
 
Figure 2.1 – Magnetron-sputtering chamber. 
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Figure 2.2 – Schematic representation of an electrochemical cell connected to a potentiostat. 
 
 
 
 
 
 
 
Figure 2.3 – (a) Electrochemical cell, showing the o-ring seal at the bottom; (b) schematic 
configuration of the electrodes inside the cell when organic electrolytes were employed. 
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Figure 2.4 – Schematic diagram showing the main components of a scanning electron microscope 
[159]. 
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Chapter 3 - Zirconium substrates 
As discussed in Section 2.1, chemically-etched zirconium and sputtered zirconium 
layers were employed as substrates in this work. The use of the sputtered zirconium 
avoided the need for pretreatment of the substrate, which was a necessary procedure in 
the case of the bulk zirconium to get a reproducible surface condition, since the as- 
provided sheets show a rough appearance due to manufacturing.  
3.1 - Bulk zirconium: pretreatment  
The surface of the bulk zirconium sheet, following degreasing by ultrasonicating in 
acetone for 300 s, showed some tears and grooves resulting from rolling (Fig. 3.1). In 
order to remove contamination and make the surface flatter, chemical etching was 
performed; details of the procedure are given in Section 2.1.1. Figure 3.2 shows a 
scanning electron micrograph of the surface of the chemically-etched zirconium; after 
the chemical etching, grains (with sides varying from 1 to 10 µm) in the zirconium 
substrate may be identified from the intersection of the grain boundaries at triple point 
locations. Further, relatively numerous cavities (with sizes in the range from 500 to 
1000 nm) are randomly distributed on the surface (not evident prior to chemical etching 
- see Fig. 3.1), with an estimated population density of 1.8 x 107 cm-2; second phase 
particles, due to impurities of the as-provided sheets, were possibly located in these 
cavities before chemical etching of the zirconium. The presence of particulate material 
(possibly corrosion products produced by the chemical etching) is also observed on the 
surface of the zirconium. Grains show different textures and are differently oriented, as 
revealed in the EBSD micrograph of Fig. 3.3. 
The chemical etching process can be described as follows [160]. During the 
chemical etching, the dissolution of the air-formed oxide film takes place by the attack 
of hydrofluoric acid. Once the initial oxide film becomes sufficiently thin, the anodic 
reaction between zirconium metal and water occurs to increase the thickness of the 
oxide, following the reaction of (eq. 3.1): 
−+ ++→+ e4H4ZrOOH2Zr 22           (eq. 3.1) 
At the same time the cathodic reaction of reduction of nitrate ions proceeds: 
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OH2NOe3H4NO 23 +→++
−+−
   (eq. 3.2) 
The resulting nitrogen oxide, NO, is oxidized further to nitrogen dioxide, NO2; a 
brownish-yellow gas evolution occurred during the chemical etching (as also reported in 
[109]). At the same time, the zirconium oxide obtained through the reaction of (eq. 3.1) 
is attacked by hydrofluoric acid: Zr4+ ions pass in the solution, according to the reaction 
of (eq. 3.3): 
OH2F4ZrHF4ZrO 2
4
2 ++→+
−+
       (eq. 3.3) 
The overall reaction, occurring during the chemical etching, can be expressed as: 
OH8NO4ZrF3HF12HNO43Zr 243 ++→++  (eq. 3.4) 
The anodic reaction of oxidation of zirconium does not proceed uniformly on the 
surface, but occurs faster where the thickness of the residual oxide is less than the 
average thickness. The electric field across the film assumes greatest values in these 
regions, so consequently does the ionic current. These regions can be considered as the 
anodic sites during the chemical etching; they are attacked by hydrofluoric acid and an 
equilibrium is established between film dissolution and film growth. Local variations in 
film thickness can be related to a preferential attack of hydrofluoric acid due to the 
morphology of the specimen. In contrast, considering the insulating character of 
zirconium oxide, it is suggested that the cathodic sites are related to morphological 
defects of the oxide film (such as cracks, pores and fissures), filled with the etching 
solution. An important role may be played by the impurities in the specimens (the 
zirconium purity is almost 99.8%): such elements could be present within as second 
phase particles, and may function as cathodic sites during the chemical etching. 
Simultaneous dissolution and growth of zirconium oxide lead to a significant 
incorporation of F- ions from the etching solution into the film, found by XPS analysis 
in previous studies [89, 160-162]: the oxide film is not completely dissolved during the 
chemical etching (its thickness is ∼7 nm) and it contains a significant amount of F- ions. 
According to [89, 161], the film may be in the form of Zr(OH)4 and/or ZrOF2, and 
additionally ZrF4. 
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3.2 - Morphology and composition of the magnetron-
sputtered zirconium layers 
Figure 3.4 shows a scanning electron micrograph of the surface of the sputtered 
zirconium. The scanning electron micrograph was obtained at high magnification, 
which enabled the grains constituting the sputtered zirconium to be distinguished. The 
grains are characterized by sizes in the range from 30 to 85 nm. A bright-field 
transmission electron micrograph of an ultramicrotomed section of the sputtered layer is 
shown in Fig. 3.5. A thickness of 390 ± 30 nm was evaluated for the sputtered 
zirconium. The inset in Fig. 3.5 shows the electron diffraction pattern, which reveals a 
polycrystalline structure. 
The composition of the sputtered zirconium was analysed by RBS and NRA. Figure 
3.6 shows the RBS experimental and simulated spectra of the sputtered specimen. By 
fitting the experimental data through the RUMP program [154], the composition of the 
sputtered layer and its thickness were determined. The main yield (in the energy range 
from 1.34 to 1.71 MeV) is associated with the presence of the zirconium in the sputtered 
layer and the yield in the energy range from 0.56 to 0.85 MeV is related to the presence 
of the aluminium, employed as the substrate. A low signal from hafnium, an impurity of 
the zirconium target, indicates its presence in the sputtered zirconium layer. Conversely, 
the signals from the lighter elements (mainly oxygen, carbon and nitrogen) were not 
clearly resolved in the RBS experimental spectrum, since the concentrations of the 
lighter elements were relatively low, their signals were of low intensity and 
superimposed on the high yield from the aluminium. 
However, the amounts of oxygen, carbon and nitrogen in the zirconium were 
derived by integrating the yields for oxygen, carbon and nitrogen in the NRA spectrum 
of Fig. 3.7 with respect to a reference specimen of known 16O content (as described in 
Section 2.3.5).  
RBS fitting was then performed by choosing a thickness and a composition for the 
sputtered zirconium which led to amounts of oxygen, carbon and nitrogen (expressed as 
number of atoms per unit area) similar to the values obtained by NRA. Following this 
procedure, the presence of 22 at.% oxygen (an oxygen to zirconium atomic ratio, O:Zr, 
of 0.3 was calculated) was revealed in the sputtered layer. Due to the relatively high 
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amount of oxygen in the sputtered zirconium layers, from NRA results, a weighted 
atomic density was calculated for the sputtered zirconium layers according to the 
following procedure. Atomic densities of 0.43 x 1023 and 0.85 x 1023 atoms cm-3 were 
calculated for zirconium metal and zirconium oxide respectively from (eq. 3.5). 
M
nN A
cm
atoms
3
ρ
=ρ       (eq. 3.5) 
where: 
ρ = density of the zirconium (6.49 g cm-3) or zirconium oxide (5.82 g cm-3, 
according to [4]), expressed as g cm-3; 
3cm
atomsρ = density of the sputtered layer, expressed as atoms cm-3; 
NA = Avogadro’s number, 6.022 x 1023 atoms mol-1; 
n = number of atoms in a molecule of the considered metal or oxide; 
M = molecular weight of the zirconium (91.22 g mol-1) or zirconium oxide (123.22 
g mol-1). 
n assumed the value of 1 in the case of zirconium and 3 for zirconium oxide.   
Thus, an atomic density of the sputtered layers of 0.49 x 1023 atoms cm-3 was estimated, 
considering that 85 at.% zirconium in the sputtered layer was present as metal, whereas 
15 at.% was present as zirconium oxide (ZrO2). The carbon content corresponded to a 
carbon to zirconium atomic ratio, C:Zr, of 0.02 in the substrate from NRA and RBS 
results; however, a portion of this carbon is probably associated with contaminants on 
the surfaces of the sputtered zirconium and the electropolished aluminium substrate, due 
to residual gases in the sputtering chamber (as reported in [163]), and/or to the storage 
of specimens before and after sputtering. Similarly, a nitrogen to zirconium atomic 
ratio, N:Zr, of 0.06 within the sputtered zirconium layer was estimated; the presence of 
nitrogen in the sputtered layers is probably due to residual gases in the sputtering 
chamber. The presence of hafnium (0.3 at.%) was considered to fit the experimental 
spectrum; the concentration of hafnium is similar to that present in the zirconium target. 
A thickness of 360 nm was estimated for the sputtered layers from RBS fitting, which is 
in reasonable agreement with the value of 390 ± 30 nm measured by TEM; the 
estimated amount of zirconium from RBS fitting, 1.4 x 1018 atoms cm-2, corresponded to 
a thickness of zirconium metal of ∼320 nm. The increased thickness, determined by 
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TEM, is probably due to the presence of oxygen in the sputtered zirconium. Oxygen 
contaminant probably comes from the zirconium target, which is characterized by a 
purity value of 99.8%, or from a non-optimum vacuum for sputtering zirconium, 
achieved before and/or during the deposition inside the chamber of the sputtering 
machine. In [163], sputtered zirconium layers were deposited in argon at 1.6 - 1.8 x 10-2 
Pa with the addition of oxygen as a reactive gas. In the presence of an oxygen leakage 
of 5.0 x 10-4 Pa, zirconium layers containing ∼30 at.% oxygen were deposited, which 
were suggested to consist of α-zirconium phase, with the oxygen incorporated in 
interstitial positions of the zirconium lattice. 
 
3.3 - Anodic films formed on the sputtered zirconium in 0.1 
M ammonium pentaborate 
In order to analyse possible influences of the impurities (mainly oxygen, carbon, 
nitrogen and hafnium) incorporated in the sputtered zirconium on anodic film growth, 
the sputtered zirconium was anodized in 0.1 M ammonium pentaborate at 1 mA cm-2, 
employing the cell described in Section 2.2. The electrolyte was stirred during the 
experiments, using a paddle electrical stirrer. This electrolyte was considered as a 
reference system because barrier-type films may be obtained following anodizing of 
zirconium in borate solutions [72, 75, 101]; Habazaki et al. [75] reported that defect- 
and impurity-free barrier-type films can be obtained on sputtered zirconium by 
imposing a current density of 5 mA cm-2 in 0.1 M ammonium pentaborate.  
In Fig. 3.8 the dependence of the voltage on time during anodizing of the sputtered 
zirconium to 17.5 V (SCE) is reported. After an initial surge in potential (until ∼1.0 V 
(SCE)) - due to a thin air-formed zirconium oxide film, whose presence was also 
revealed for the bulk zirconium material [86, 89, 90, 161] - two linear regions can be 
distinguished. The first one is in the voltage range from 1.0 to 4.0 V (SCE) and the 
second one is in the voltage range from 4.0 V (SCE) to the final formation voltage. As 
discussed in Section 1.1.1.1, a linear relationship between the formation voltage and the 
time of anodizing is typical of the growth of barrier-type films. From Faraday’s law (eq. 
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3.6), the rate of growth of the oxide film in terms of film thickness,
dt
dx
, can be 
calculated, knowing its physical characteristics and the ionic current density chosen to 
grow it: 
oxide
oxide
zF
iM
dt
dx
ρ
=
      (eq. 3.6) 
where: 
i is the formation ionic current density, 
Moxide is the molecular weight of the formed oxide, 
z is number of electrons exchanged in the anodic reaction, 
F is the Faraday’s number (96480 C mol-1), and 
ρoxide is the density of the oxide. 
By multiplying 
dt
dx
 by the inverse of the anodizing ratio (AR)-1, which is the electric 
field, it is possible to evaluate the rate of growth of the anodic film in terms of V s-1, 
according to (eq. 3.7):  
1)AR(
dt
dx
dt
dV
−
=       (eq. 3.7) 
For zirconium oxide the following parameters were considered: 
2ZrOM  = 123.22 g mol
-1; 
z = 4; 
2ZrOρ  = 5.82 g cm
-3
 (according to [4]), and 
AR = 2 nm V-1 [4]. 
For i = 1 mA cm-2 (assuming that the applied current density was entirely contributing 
to the oxide growth), 
dt
dx
= 0.55 nm s-1 and 
dt
dV
= 0.27 V s-1 were estimated from (eq. 
3.6) and (eq. 3.7) respectively. The value of 0.27 V s-1 is very close to the experimental 
one obtained for the second slope (0.28 V s-1) in Fig. 3.8, indicating that impurities in 
the substrate do not affect significantly the anodic behaviour of the zirconium in 0.1 M 
ammonium pentaborate. For films grown to ≤ 4.0 V (SCE), a lower slope of the linear 
region was observed, which could be due to the formation of a film characterized by a 
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different structure and/or composition with respect to that of the crystalline zirconium 
oxide, as suggested in [87-91].  
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3.4 - Figures 
 
 
 
 
 
Figure 3.1 – Scanning electron micrograph (secondary electron mode) showing the surface of the 
zirconium sheet degreased by ultrasonicating in acetone for 300 s. 
 
 
 
 
 
Figure 3.2 – Scanning electron micrograph (secondary electron mode) showing the surface of the 
chemically-etched zirconium. 
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Figure 3.3 – (a) Scanning electron (secondary electron mode) and (b) EBSD micrographs showing the 
surface of the chemically-etched zirconium. 
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Figure 3.4 – Scanning electron micrograph (secondary electron mode) showing the surface of the 
sputtered zirconium. 
 
 
 
 
 
Figure 3.5 – Bright-field transmission electron micrograph showing an ultramicrotomed cross-section of 
the sputtered zirconium; in the inset its electron diffraction pattern is shown. 
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Figure 3.6 – RBS experimental and simulated spectra of the zirconium sputtered onto electropolished 
aluminium. 
 
 
 
 
Figure 3.7 – NRA spectrum for the zirconium sputtered onto electropolished aluminium. 
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Figure 3.8 – Dependence of the voltage on time during anodizing of the sputtered zirconium at 1 mA cm-2 
to 17.5 V (SCE) in 0.1 M ammonium pentaborate, at room temperature. 
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Chapter 4 - Anodic films formed on zirconium at 
40 V in 0.35 M ammonium fluoride in glycerol 
Anodic films were grown on zirconium under potentiostatic conditions, at 40 V, 
in 0.35 M ammonium fluoride in glycerol. Chemically-etched zirconium and 
sputtered zirconium were employed as substrates.  
As previously mentioned in Section 2.1.2, in the case of the sputtered zirconium, 
if the sputtering conditions are appropriately selected, layers of controlled thickness 
may be deposited. Thus, of interest of this work, the number of zirconium atoms 
present in the specimens, before and after anodizing, can be evaluated by RBS, 
allowing estimation of the zirconium loss to the electrolyte that occurs during 
anodizing.   
After anodizing, specimens were analysed by different techniques in order to get 
information on the morphologies and structures (by SEM and TEM) and 
compositions (by RBS, NRA and, for selected specimens, high-resolution 
TEM/EDX) of the resultant films. In Section 4.1, results related to the anodic films 
formed on the chemically-etched zirconium are reported, followed, in Section 4.2, by 
those obtained for anodic films grown on the sputtered zirconium under similar 
conditions. Following consideration of the experimental results, a mechanism of 
growth for the anodic films is suggested in Section 4.3.  
  
4.1 - Chemically-etched zirconium as substrate 
4.1.1 - Anodizing 
Chemically-etched zirconium was anodized at 40 V, to selected final charge 
densities, in 0.35 M ammonium fluoride in glycerol containing 0, 1 and 5 vol.% 
added water, at room temperature, as described in Section 2.2. Typical dependences 
of the current and charge densities on time are shown in Figs. 4.1a and 4.1b 
respectively, for specimens anodized to 780 mC cm-2 in electrolytes containing 
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different amounts of added water. In all the cases, the current density decreased 
rapidly from an initial, relatively high value and then decreased slowly during further 
anodizing. The initial current decline suggests the growth of a barrier-type film, 
which is followed by nucleation and growth of pores. Higher current densities were 
observed in electrolytes containing 1 and 5 vol.% added water than in the absence of 
added water. Experiments were repeated fifteen times for each electrolyte employed. 
The ranges of current densities recorded towards the termination of anodizing of the 
chemically-etched zirconium to 780 mC cm-2, in electrolytes nominally containing 
the same amount of added water, are reported in Table 4.1. Variations in the values 
of current density may be ascribed to: (i) variable amounts of water present as a 
contaminant in the glycerol source; (ii) temperature variations in the electrolyte near 
the working electrode during anodizing; (iii) small variations (< 5 mm) of the 
distance between the working electrode and the reference electrode (and, 
consequently, between the working electrode and the counter electrode). The last 
consideration is suggested to be the most probable cause of the variable final current 
density values; small variations in the distance between the electrodes may influence 
significantly the real potential applied to the cell, due to the high viscosity, and 
consequent high resistance, of the electrolyte. The geometrical configuration of the 
cell employed in this work (see Fig. 2.3) was chosen to minimize the distance 
between the working electrode and the reference electrode, when anodizing was 
performed in viscous electrolytes; however, with the present cell design, it was 
difficult to keep this distance fixed at the same value during the repeated 
experiments.  
 
4.1.2 - Morphologies and structures of the anodic films 
Following anodizing of chemically-etched zirconium at 40 V in 0.35 M 
ammonium fluoride in glycerol, different morphologies of the films resulted from 
introducing small amounts of water (1 and 5 vol.%) into the electrolyte. As shown in 
the scanning electron micrographs of Figs. 4.2b and 4.2c, films grown in the 
electrolytes containing added water disclosed a nanotubular appearance, with 
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nanotube lengths of ∼710 nm. Conversely, the anodic film grown in the absence of 
added water revealed a porous morphology, as shown in Fig. 4.2a; the total thickness 
of the film was ∼690 nm, with a barrier layer thickness of ∼90 nm at the base of the 
pores. All the films displayed in Fig. 4.2 were grown to a final charge density of 780 
mC cm-2.  
Top and bottom views of the films formed to 780 mC cm-2 with differing 
amounts of water in the electrolyte are shown in Figs. 4.3 and 4.4 respectively. The 
surface of the film formed in the electrolyte containing no added water is displayed 
in Figs. 4.3a and 4.3b. A thin, non-uniform layer is present on the top of the film, 
revealing pores of ∼30 nm size, which can be more clearly distinguished in the 
backscattered electron image (Fig 4.3b); the finely porous surface of the film 
replicates the topography of the chemically-etched zirconium, which shows grains 
with differing textures (see Figs. 3.2 and 3.3). Top views of the films formed in the 
electrolytes containing added water showed features similar to those displayed in 
Figs. 4.3a and 4.3b, as revealed in the scanning electron micrograph of Fig. 4.3c, 
showing the surface of a film formed in the electrolyte containing 5 vol.% added 
water. Conversely, bottom views of the films formed in electrolytes containing added 
water differed from that of the film formed without added water, as is evident from 
Fig. 4.4. The base of the film formed in the absence of added water appears almost 
flat (Fig. 4.4a) and corresponds to the bottom of the barrier layer shown in Fig. 4.2a. 
In contrast, the bases of the nanotubes were evident in the bottom views of films 
grown in electrolytes containing 1 and 5 vol.% added water, revealing approximately 
hemispherical shapes, with average diameters ranging from 45 to 85 nm, as shown in 
Figs. 4.4b and 4.4c for specimens anodized in the electrolytes containing 1 and 5 
vol.% added water respectively. The bases of the films formed with added water 
revealed a thin layer of material that partly detached when the nanotubes were 
scraped from the zirconium substrate; an example is shown in Fig. 4.4c (specimen 
anodized in the electrolyte containing 5 vol.% added water).  
Figure 4.5 shows bright-field transmission electron micrographs of the bases of 
nanotubes grown on the chemically-etched zirconium to 780 mC cm-2 in electrolytes 
containing different amounts of added water. Nanotubes were removed from the 
specimen surface by scraping with a knife. The walls of the nanotubes formed in the 
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electrolytes containing 1 and 5 vol.% added water appear smooth, as displayed in the 
micrographs of Figs. 4.5b and 4.5c respectively. The nanotubes revealed very similar 
characteristic sizes. Nanotubes grown in the electrolyte containing no added water 
could not be easily separated from the substrate surface by scraping, because of the 
porous, rather than nanotubular, morphology of the film (see Fig. 4.2a). An example 
of a nanotube formed in the absence of added water, with the external walls partly 
surrounded by intratubular material, which gives a rough appearance to the nanotube, 
is shown in Fig. 4.5a. The average characteristic nanotube sizes, estimated by TEM, 
are reported in Table 4.2; external and internal diameters increased from ∼60 to 75 
nm and from ∼21 to 40 nm respectively by increasing the amount of added water 
from 0 to 5 vol.%; a similar trend was observed for the nanotube base thickness, 
which increased from ∼19 to 24 nm, by increasing the amount of water added to the 
electrolyte (up to 5 vol.%). However, for the films grown in the absence of added 
water, the intratubular material may have affected the accuracy of the measurements. 
Diffuse rings in the electron diffraction patterns in the insets of Fig. 4.5 indicate that 
nanotubes produced in all three electrolytes are amorphous.  
By anodizing chemically-etched zirconium to different charge densities in the 
electrolyte containing no added water, an increase of the barrier layer thickness was 
observed by increasing the charge density passed during anodizing. As displayed in 
Fig. 4.6, the total thickness of the films formed to 430, 780, 1560 and 2340 mC cm-2 
were ∼410, 730, 1350 and 2000 nm respectively. As revealed in Fig. 4.6b (and in 
accordance with previous results (see Fig. 4.2a)), the thickness of the barrier layer, 
measured from the base of the pores of the film formed to 780 mC cm-2, was 80 - 90 
nm. By anodizing to a lower charge density of 430 mC cm-2, a decrease of the barrier 
layer thickness to ∼50 nm was observed; whereas, for films formed to higher charge 
densities of 1560 and 2340 mC cm-2, the thickness of the barrier layer increased to 
120 and 130 nm respectively (see Figs. 4.6c and 4.6d).  As displayed in Fig. 4.6, the 
walls of the pores are irregular and pores occasionally branch, features which are 
characteristic of films grown in the absence of added water. Moreover, the region of 
the film surrounding the pores is of lighter appearance with respect to the rest of the 
film, possibly due to differences in the composition of the film regions (as also 
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evident in the scanning electron micrograph of Fig. 4.7, showing a part of a film, 
grown to 1560 mC cm-2, which fractured along a plane almost parallel to the film 
surface).  
In Figs. 4.8a and 4.8b, top views of the anodic films formed to 1560 and 2340 
mC cm-2 respectively in the electrolyte containing no added water are displayed. The 
film surfaces replicate the topography of the chemically-etched zirconium (see Figs. 
3.2 and 3.3), as reported previously in this Section for films formed to 780 mC cm-2 
in electrolytes containing 0 and 5 vol.% added water. However, the finely porous 
film, formed at the initial stage of anodizing, is evident only on the top of the 
specimen anodized to 1560 mC cm-2, as displayed in Fig. 4.8a (and as also observed 
in Fig. 4.3), suggesting that this film had dissolved after prolonged anodizing times 
(Fig. 4.8b). 
 
4.1.3 - Compositions of the anodic films 
Chemically-etched zirconium and anodic films formed on zirconium to charge 
densities
 
≤ 780 mC cm-2 in electrolytes containing 0, 1 and 5 vol.% added water were 
analysed by RBS and NRA, in order to get information on their compositions.  
The RBS experimental spectra of the chemically-etched zirconium before and 
after anodizing to 780 mC cm-2 in electrolytes containing different amounts of added 
water are shown in Fig. 4.9. In the spectrum of the chemically-etched substrate, the 
yield due to the zirconium is distinguished; conversely, the yields related to the 
contaminants (i.e. carbon, nitrogen, oxygen and hafnium), present as main impurities 
in the provided zirconium sheets, are too low, due to their low atomic numbers and 
their low concentrations, to be identified against either the high signal from 
zirconium or the pile-up background. Following anodizing to 780 mC cm-2, a step in 
the yield of the zirconium indicates the presence of zirconium in the anodic films. An 
increase in the yield of the zirconium follows the step, corresponding to the 
metal/anodic film interface, with the step having a sloping edge due to the porosity of 
the films. As shown in Fig. 4.9, the RBS experimental spectra of the anodic films 
formed in electrolytes containing different amounts of added water show very similar 
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features; yields due to fluorine, oxygen, carbon and nitrogen, which were revealed in 
the films by NRA (see Fig. 4.10, considered below), cannot be easily discerned 
because of the high signal for the zirconium.  
Figure 4.10a shows the NRA spectra for the specimens anodized to 780 mC cm-2 
in electrolytes containing different amounts of added water. The peaks in the 
spectrum are mainly due to the oxygen, fluorine, carbon and nitrogen present in the 
anodic films. In the NRA spectra of Fig. 4.10a, two small peaks are evident at 
channels in the range from 340 to 390, which are possibly related to nuclear reactions 
with the 19F isotope (labelled in the NRA spectra of Fig. 4.10a as F reactions). As can 
be disclosed in Fig. 4.10b, displaying the enlarged oxygen/fluorine main peaks, the 
fluorine peak is evident as a shoulder of the oxygen peak; the fluorine content in the 
films increased by decreasing the amount of water added to the electrolyte. 
Conversely, the amount of oxygen in the films increased by increasing the amount of 
water added to the electrolyte. For the carbon and nitrogen peaks (see Figs. 4.10c and 
4.10a), no significant differences were revealed for the three specimens, which 
indicate similar carbon and nitrogen contents in the films.  
In Fig. 4.11a, the RBS experimental and simulated spectra of the chemically-
etched zirconium anodized to 780 mC cm-2 in the electrolyte containing 5 vol.% 
added water are shown. The amount of fluorine in the anodic films was not 
quantified by NRA because data could not be found for the cross-section of the 
19F(d,p11,12)20F reaction at the relevant energy range. However, the concentration of 
fluorine was assessed by RBS by including fluorine in the compositions of the anodic 
films. The fitting was performed by choosing a thickness and a density for the films 
which made the simulated spectrum cut the experimental spectrum at the half-height 
of the step, considered as the average position of depth of the metal/anodic film 
interface, due to the effect of the porosity on the stopping of the ions in the film. The 
zirconium, fluorine, oxygen, carbon and nitrogen contents of the anodic films were 
adjusted to obtain agreement with the RBS experimental data, while maintaining 
close agreement with NRA results for oxygen, carbon and nitrogen contents. The 
amounts of fluorine in the simulations were adjusted to be proportional to the relative 
areas of the NRA fluorine peaks of specimens anodized to the same final charge 
density in electrolytes containing different amounts of added water. The presence of 
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contaminants (i.e. carbon, oxygen, nitrogen and hafnium) in the substrate was 
neglected. By these procedures, the average atomic ratios between oxygen and 
zirconium, fluorine and zirconium, carbon and zirconium, and nitrogen and 
zirconium in the anodic films were estimated. The resulting O:Zr increased from 1.0 
to 1.8 by increasing the amount of added water, from 0 to 5 vol.%; conversely, the 
fluorine to zirconium atomic ratio, F:Zr, decreased from 2.5 to 1.6, with the highest 
ratio being evident for the film formed with no added water. C:Zr was in the range 
0.10 - 0.15 (to an accuracy of ± 0.05) for the anodized specimens, with no systematic 
dependence on the amount of water added to the electrolyte. However, any 
systematic change in the amount of carbon may be masked by the influences of 
residues of glycerol on the pore walls of the nanotubes and/or carbon species picked 
up from the ambient environments during the storage and analysis of the specimens. 
Similarly, N:Zr in the range from 0.02 to 0.03 (to an accuracy of ± 0.01) was 
estimated; the presence of nitrogen in the films may be due to residues of ammonium 
species, which derive from the ammonium fluoride contained in the electrolytes, 
adsorbed on the film surfaces. These considerations on the presence of carbon and 
nitrogen in the films are also valid for all the anodized specimens, which have been 
examined by NRA and will be considered later in this Section and in the next 
Sections (Sections 4.2.3, 5.2, 6.3, 7.1.4.1 and 7.2.4.1). The number of zirconium 
atoms present in the films and O:Zr and F:Zr are reported in Table 4.3 for differing 
amounts of added water in the electrolyte. Addition of hydrogen to the film 
compositions (the hydrogen content in the compositions used to fit the RBS 
experimental spectra was 2.7 the amount of carbon, consistent with the chemical 
formula of the glycerol (C3O3H8)), probably due to incorporation of carbon species 
from the electrolyte, did not significantly influence the RBS fitting, as shown in Fig. 
4.11b for the specimen anodized in the electrolyte containing 5 vol.% added water.  
Figure 4.12 shows the dependence of current density on time during anodizing of 
the chemically-etched zirconium to 600 mC cm-2 in the electrolyte containing no 
added water. Dashed lines in the plot indicate the differing times (corresponding to 
charge densities of 180, 300, 430, and 600 mC cm-2) at which the experiments were 
stopped in order to grow anodic films of differing thicknesses. RBS experimental 
spectra obtained for these specimens are shown in Fig. 4.13. A step in the yield of 
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zirconium indicates the presence of zirconium in the films, the width of this step 
increasing with increase of the charge density passed during anodizing and, 
consequently, with the film thickness. Yields of fluorine and oxygen in the films can 
be distinguished in the spectra, superimposed on the zirconium signal at energies of 
0.75 and 0.65 MeV respectively. The low yields related to the carbon and the 
nitrogen in the films (which were found to be present by NRA, Figs. 4.14a and 
4.14c) could not be identified because of the high signal for zirconium. RBS data 
were fitted, following the procedures previously described in this Section. The 
amounts of fluorine in the simulations were adjusted to be proportional to the relative 
areas of the NRA fluorine peaks of specimens anodized to different charge densities 
in a similar electrolyte (see Fig. 4.14). 
The NRA results (of Fig. 4.14a) were employed to estimate the amounts of 
oxygen, carbon and nitrogen in the films. The enlarged fluorine/oxygen main peaks 
of specimens anodized to differing charge densities are displayed in Fig 4.14b; the 
two peaks are well separated for charge densities up to 300 mC cm-2, whereas, they 
partly overlap for higher charge densities (as also shown in Figs. 4.10a and 4.10b for 
the films grown to 780 mC cm-2 in electrolytes containing different amounts of added 
water). The amounts of fluorine and oxygen (Fig 4.14b), carbon (Fig 4.14c) and 
nitrogen (Fig 4.14a) increased by increasing the charge density passed during 
anodizing, corresponding to increases in the thickness of the films.  
The compositions, obtained by fitting the RBS experimental spectra according to 
the procedure previously described in this Section, of the anodic films formed in the 
electrolyte containing no added water showed no significant dependence on the 
charge density, with the results being similar to that obtained for the film grown to 
780 mC cm-2 in a similar electrolyte (Table 4.3). Similarly, for the chemically-etched 
zirconium anodized in the electrolyte containing 5 vol.% added water, the 
compositions of the films did not change significantly with variation of the charge 
density passed during anodizing. O:Zr, F:Zr and the number of zirconium atoms in 
the films (assumed to be present as Zr4+ ions), obtained by RBS and NRA, are 
reported in Table 4.4 for films grown on the chemically-etched zirconium to 
differing charge densities in the electrolytes containing 0 and 5 vol.% added water. 
C:Zr and N:Zr were in the ranges from 0.10 to 0.15 (to an accuracy of ± 0.05) and 
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from 0.02 to 0.03 (to an accuracy of ± 0.01) respectively, under all the investigated 
conditions. 
 
4.1.4 - Efficiency of growth of the anodic films 
The efficiency of formation of the anodic films was derived from the ratio 
between the charge density necessary to oxidize the number of zirconium atoms in 
the film - determined by RBS - (assuming their presence as Zr4+ ions), calculated 
from (eq. 4.1), and the charge density passed through the cell during anodizing.  
ZrNzeq
−
=          (eq. 4.1) 
where: 
z = number of electrons exchanged in the anodic oxidation (= 4 for Zr4+ ions); 
e- = electron charge, 1.6 x 10-19 C; 
NZr = number of zirconium atoms in the anodic film, expressed as 2cm
atoms
, 
obtained by fitting the RBS experimental spectra. 
According to RBS results, ∼9.5 x 1017 zirconium atoms cm-2 are present in the 
anodic films grown to 780 mC cm-2 in the absence and presence of added water (as 
reported in Table 4.3), corresponding to a charge density of ∼610 mC cm-2. Thus, 
efficiencies of ∼78% were calculated for the films formed to 780 mC cm-2 in 
electrolytes containing differing amounts of added water.  
Similar efficiencies of growth were calculated for specimens anodized to 
differing charge densities in the electrolytes containing 0 and 5 vol.% added water 
(values are reported in Table 4.4).  
 
4.1.5 - High-resolution TEM/EDX analyses of the anodic films 
In order to get information on the distribution of the main elements present in the 
anodic films, useful to assess their mechanism of growth (Section 4.3), scraped 
nanotubes were examined by high-resolution TEM/EDX analysis. Figure 4.15 shows 
a dark-field transmission electron micrograph of nanotubes, removed by scraping the 
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specimen anodized in the electrolyte containing 5 vol.% added water. In agreement 
with the characteristic nanotube sizes reported in Table 4.2, internal and external 
diameters of ∼35 and 70 nm respectively and base thicknesses of ∼24 nm could be 
estimated. Moreover, two different regions of the nanotubes can be distinguished: an 
outer one, surrounding the pores, and an inner one. Intratubular material (already 
observed by SEM and TEM - Figs. 4.2 and 4.5), joined the nanotubes together. By 
EDX analysis, along a line crossing the base of the nanotubes (Fig. 4.16), zirconium, 
oxygen and fluorine were found as the main elements constituting the nanotubes (as 
shown in the representative EDX spectrum of Fig. 4.16a), with similar results 
obtained for the outer region around the pores and the inner region surrounding it. 
Conversely, the intratubular material was found to be mainly composed of zirconium 
and fluorine (Fig. 4.16b). The difference in contrast, in the dark-field transmission 
electron micrograph, between the outer and inner regions of the nanotubes could be 
attributed to carbon species, derived from the glycerol molecules, present as anions 
in the films, which are suggested to enrich the region around the pores, being the 
slowest of the migrating anions (see Section 4.3). However, the carbon signal in the 
EDX spectra, which is not shown, is not useful for assessing the distribution of 
carbon, since specimens were supported on copper grids covered by a carbon film. 
The results of the EDX analyses suggest different migration rates of ions across the 
nanotube base, which will be clarified in Section 4.3.  
Scraping the films from the surface of the chemically-etched zirconium anodized 
in the electrolyte containing no added water resulted in poor quality nanotubes for 
TEM observation (as displayed in Fig. 4.5a), due to the difficulty in separating the 
nanotubes from the intratubular matrix. In contrast, FIB proved to be a much more 
successful technique to prepare transparent cross-sections of films for examination 
and analysis using high-resolution TEM/EDX. The scanning electron micrograph of 
Fig. 4.17a shows a FIB-section of a zirconium specimen anodized to 1560 mC cm-2 
in the electrolyte containing no added water. The final section is displayed in the 
bright-field transmission electron micrograph of Figure 4.17b. The film, with a 
thickness of ∼1100 nm, has a porous appearance, in agreement with the 
corresponding film shown in Fig. 4.6c. The region around the pores has a darker 
appearance with respect to the rest of the film, suggesting different compositions of 
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the two regions. Pores, with internal diameters in the range from 45 to 55 nm 
(measured near the pore bases), have walls with a rough appearance. Moreover, 
pores are of smaller diameter near the film surface and sometimes branch, which was 
found previously to be a characteristic of the films grown in the absence of added 
water. The pores are separated from the zirconium substrate by a barrier layer, of 
relatively light appearance, between 95 to 120 nm thick, whereas their bases, of dark 
appearance, are ∼12 nm thick.  
In order to get qualitative information on the composition of the two differing 
regions of the film, high-resolution TEM/EDX analysis was performed. EDX 
analysis, along a line from the pore base to the barrier layer, showed signals from 
oxygen, fluorine and zirconium in the region surrounding the pores, as shown in the 
representative EDX spectrum of Fig. 4.18a. In contrast, the oxygen content of the 
remainder of the barrier layer was relatively negligible, as disclosed in Fig. 4.18b. 
The oxide-rich region was of respectively darker and lighter appearance in the 
bright-field (Fig. 4.17b) and dark-field (Figs. 4.18 and 4.19) images, indicating a 
higher average atomic number for the oxide-rich region compared with that of the 
fluoride-rich matrix. The findings clearly indicate that the relatively oxide-rich 
nanotubes are surrounded by fluoride-rich material, probably mainly consisting of 
ZrF4, with the featureless appearance of both regions indicating amorphous 
structures. A population density of ∼1.0 x 1010 pores cm-2 and a porosity of ∼13% 
were calculated, considering an interpore distance of 100 nm (indicated in the 
micrograph of Fig. 4.17b) and assuming nanotubes of circular cross-sections with 
average internal and external diameters of 40 and 55 nm respectively. Furthermore, 
the volume occupied by the fluoride-enriched region was estimated to be ∼89% of 
the total volume occupied by the film material (volume of the nanotube material + 
volume of the fluoride-rich matrix). As already evident from SEM observations 
(Figs. 4.2a, 4.6b and 4.6c), dark-field transmission electron micrographs of Fig. 4.19 
reveal that the thickness of the fluoride-rich barrier layer increased from ∼80 to 120 
nm by increasing the final charge density passed during anodizing from 780 to 1560 
cm-2 for the films formed on the chemically-etched zirconium in the absence of 
added water. However, as shown in the micrograph of Fig. 4.19a for a film grown to 
780 mC cm-2, the thickness of the fluoride layer was sometimes slightly lower than 
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∼80 nm and the shape of the pores more regular than in Fig. 4.2a and 4.6b (see also 
Section 5.1), with corresponding increased thicknesses of the oxide-rich nanotube 
bases. These different results suggest the presence of more water, as a contaminant in 
the source glycerol, in the electrolyte employed to anodize the specimen of Fig. 
4.19a than in the electrolyte which was used to form the film displayed in Figs. 4.2a 
and 4.6b.  
In contrast to the porous films formed in the electrolyte containing no added 
water (shown in Figs. 4.2a, 4.6, 4.17b, 4.18 and 4.19), a nanotubular appearance was 
observed for the film formed in the electrolyte containing 5 vol.% added water, as 
displayed in the (a) dark and (b) bright-field transmission electron micrographs of 
Fig. 4.20 that show a FIB-section of a specimen anodized to 780 mC cm-2. 
Characteristic sizes of the nanotubes displayed in Fig. 4.20 are in the ranges reported 
in Table 4.2; a thickness of the film of ∼740 nm was estimated from Fig. 4.20a. 
Moreover, nanotubes are separated from the zirconium substrate by a thin layer of 
light appearance, located at their bases, suggesting the presence of regions of 
different compositions, as in the case of the specimens anodized in the electrolyte 
containing no added water. EDX analysis showed that the nanotubes are mainly 
composed of zirconium, oxygen and fluorine (Fig. 4.21a), whereas in the layer 
located at their peripheries, the oxygen signal is negligible (Fig. 4.21b). The 
thickness of the zirconium fluoride layer at the base of the nanotubes is considerably 
reduced, to ∼10 nm, by adding 5 vol.% water to the electrolyte, compared with the 
thickness of the fluoride layer (of ∼80 nm) of the film grown to 780 mC cm-2 in the 
absence of added water. A porosity of ∼18% (a population density of ∼2.5 x 1010 
pores cm-2 was estimated), ∼40% higher than that obtained for the film formed in the 
electrolyte containing no added water, was evaluated for the film grown with 5 vol.% 
added water, by considering an interpore distance of ∼66 nm (from Fig. 4.20a) and 
nanotube internal and external diameters of 30 and 60 nm respectively; the volume 
occupied by the oxide-rich nanotubes was estimated to be ∼65% of the total volume 
occupied by the film material (volume of the nanotube material + volume of the 
fluoride-rich matrix). 
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4.2 - Sputtered zirconium as substrate 
4.2.1 - Anodizing  
As for the chemically-etched zirconium, anodizing of the sputtered zirconium 
was performed at 40 V in 0.35 M ammonium fluoride in glycerol, containing 0, 1 
and 5 vol.% added water. Experiments were stopped when final charge densities ≤ 
780 mC cm-2 were passed. Experimental details of anodizing are reported in Section 
2.2. 
Figures 4.22a and 4.22b show the typical dependences of current and charge 
densities on time respectively, during anodizing of the sputtered zirconium 
(specimens belonged to the same batch) to 780 mC cm-2 in electrolytes containing 
different amounts of added water. Similarly to the chemically-etched zirconium 
(Section 4.1.1), under all the investigated conditions, the current density during 
anodizing decreased rapidly from an initial, relatively high value to a region of 
gradual decline. An accelerated decline towards the termination of anodizing 
occurred when most of the zirconium had been oxidized (as for the specimen 
anodized with 5 vol.% added water of Fig. 4.22a). Addition of water to the 
electrolyte increased the current density values. However, by anodizing in 
electrolytes nominally containing the same amount of added water, different current 
density values were recorded, which may be attributed, as in the case of the 
chemically-etched zirconium (see Section 4.1.1), to: (i) variable amounts of water 
present as a contaminant in the glycerol source; (ii) temperature variation in the 
electrolyte near the working electrode during anodizing; (iii) small variations in the 
distance between the working electrode and the reference electrode. Moreover, the 
impurities (e.g. oxygen, carbon, nitrogen and hafnium) incorporated in the sputtered 
zirconium (Section 3.2) could influence the anodic behaviour of the substrate under 
the present experimental conditions. The ranges of the current density achieved 
towards the end of anodizing, before its eventual rapid decline due to the oxidation of 
almost all the available zirconium, are reported in Table 4.5, for sputtered zirconium 
anodized to 780 mC cm-2 with water additions up to 5 vol.%. Experiments were 
repeated eight times for each electrolyte employed. 
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4.2.2 - Morphologies and structures of the anodic films 
A bright-field transmission electron micrograph of an ultramicrotomed cross-
section of an anodic film formed on the sputtered zirconium for 3 s in the electrolyte 
containing 1 vol.% added water is shown in Fig. 4.23. The film, which is adherent to 
the sputtered zirconium substrate and attached to the resin, used to encapsulate the 
specimen for ultramicrotomy, consists of an inner barrier region, ∼55 nm thick, and a 
finely porous outer region, ∼15 nm thick. A thin layer of light appearance is evident 
near the metal/anodic film interface. The absence of diffracting regions suggests that 
the anodic film is amorphous.  
The morphologies of the anodic films grown on the sputtered zirconium to 780 
mC cm-2 in electrolytes containing 0, 1 and 5 vol.% added water are displayed in the 
scanning electron micrographs of Fig. 4.24. Under all the experimental conditions, 
nanotubular films, characterized by a similar rough morphology, were formed. In all 
the cases, the full length of the nanotubes, of ∼780 nm, can be observed in the 
micrographs. The nanotube length was not significantly affected by the additions of 
water to the electrolyte. In plan views, the surfaces of the films revealed a 
morphology generally similar to that of the sputtered zirconium substrate (Fig. 3.4), 
although grains had undergone transformation to anodic oxide resulting in a less 
sharply-defined appearance, as shown in Fig. 4.25 for a specimen anodized with 1 
vol.% added water; pores are more evident in the backscattered electron image (Fig. 
4.25b). The morphology of the surface of the films grown in the electrolytes 
containing 0 and 5 vol.% added water showed features similar to those of the 
specimen anodized in the presence of 1 vol.% added water of Fig. 4.25.  
Figure 4.26 shows scanning electron micrographs, taken at (a) low and (b) high 
magnifications, of the bottom of an anodic film formed on the sputtered zirconium to 
430 mC cm-2 in the electrolyte containing 5 vol.% added water. An average size of 
52 nm was estimated for the bases of the nanotubes (from the scanning electron 
micrograph, taken at high magnification, of Fig. 4.26b), which showed features 
similar to those of nanotubes grown on the chemically-etched zirconium under 
similar conditions (Figs. 4.4b and 4.4c). The bottom of the nanotubes grown with 1 
vol.% added water (not shown) was very similar in appearance to that of the 
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nanotubes formed in the electrolyte containing 5 vol.% added water. Conversely, as 
displayed in the scanning electron micrographs of Fig. 4.27, the bottom of the film 
obtained by anodizing the sputtered zirconium in the electrolyte containing no added 
water showed features which differed from those of the bottom of films grown with 
added water, with a layer partly covering the nanotube bases, with diameters of  ∼50 
nm. 
Figure 4.28 shows bright-field transmission electron micrographs of the bases of 
nanotubes formed on the sputtered zirconium to 780 mC cm-2 in electrolytes 
containing different amounts of added water. Characteristic nanotube sizes, measured 
by TEM, are reported in Table 4.6. As for the nanotubes formed by anodizing 
chemically-etched zirconium under similar conditions (Table 4.2), smaller 
characteristic sizes were obtained for the nanotubes grown in the electrolyte 
containing no added water than for those formed with 1 and 5 vol.% added water. 
Nanotubes grown in electrolytes containing 1 and 5 vol.% added water showed 
similar sizes, which were slightly lower than those of nanotubes formed on the 
chemically-etched zirconium under similar conditions. As shown in Figs. 4.24 and 
4.28, material is attached to the external walls and the base of the nanotubes, which 
was excluded from the dimensions reported in Table 4.6. The material appears to be 
discontinuously distributed around the nanotubes. The insets in Fig. 4.28 show 
electron diffraction patterns; diffuse rings indicate that nanotubes produced in all 
three electrolytes are amorphous.  
In order to get more information on the material surrounding the external walls 
of the nanotubes, a specimen grown to 780 mC cm-2 in the electrolyte containing 5 
vol.% added water was sectioned by ultramicrotomy and observed by TEM and 
SEM. Figure 4.29 shows a bright-field transmission electron micrograph of this 
specimen. The main part of the film has the appearance of a porous layer (∼720 nm 
thick) and is partly detached from a bottom layer, of ∼50 nm thickness, located on 
the top of the remaining sputtered zirconium (∼50 nm thick). The slight difference in 
contrast between the main layer of the anodic film and the bottom layer suggests 
possible differences in the composition of these two regions. The scanning electron 
micrograph of Fig. 4.30 shows a cross-section of the previous specimen, cut along a 
plane at 45° to the film surface using a diamond knife [52]. The film is 790 nm thick, 
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following correction for the angle of the plane. The thickness is consistent with the 
observation from Fig. 4.29. A layer, ∼37 nm thick, is evident beneath the nanotubes 
as observed in Fig. 4.30. The layer is attached to the overlying film and also to the 
residual zirconium, which appears as a bright layer (indicating a higher average 
atomic number compared with that of the anodic film) in the micrograph. In the case 
of anodic films formed on the chemically-etched zirconium under similar conditions, 
the nanotube bases were covered by a thin layer of material that in some locations 
had detached from the nanotubes to reveal their roughly hemispherical bases, which 
were elsewhere obscured (Fig. 4.4c); high-resolution TEM/EDX analysis showed 
that the material is fluoride-rich, with negligible oxygen content (Section 4.1.5). 
Thus, the layer located at the bottom of the present film formed on the sputtered 
zirconium can be ascribed to a fluoride-rich material, which probably also contains 
impurities from the substrate, particularly oxygen (considered later). The nanotubes 
near the bottom of the film had internal and external diameters of 32 and 70 nm, in 
reasonable agreement with the observations by TEM reported in Table 4.6.  
 
4.2.3 - Compositions of the anodic films 
The sputtered zirconium substrate, before and after anodizing in electrolytes 
containing 0, 1 and 5 vol.% added water, was analysed by RBS and NRA. The RBS 
experimental spectra of the sputtered zirconium substrate, before and after anodizing 
to 780 mC cm-2, are displayed in Fig. 4.31. In the spectrum of the sputtered 
zirconium, the yields of zirconium and aluminium, due to the presence of the 
sputtered zirconium and the electropolished aluminium substrate respectively, are 
clearly distinguished, as discussed in Section 3.2. Following anodizing, a step in the 
yield of the zirconium indicates the presence of zirconium in the anodic films. The 
signal from the residual zirconium substrate is evident only as a small peak in the 
spectra of the anodized specimens (more evident for specimens anodized in 
electrolytes containing 0 and 1 vol.% added water), since most of the zirconium had 
been oxidized; a thickness of residual zirconium in the range from 20 to 50 nm was 
estimated by SEM and TEM (as shown in Figs. 4.29 and 4.30). Further, the spectrum 
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of the zirconium anodized in the electrolyte containing 5 vol.% added water clearly 
discloses the yield due to the fluorine in the anodic film, which partly overlaps the 
yield of the oxygen, the latter overlapping the yield of the aluminium substrate. 
Conversely, the yield due to the fluorine in the films formed in the electrolytes 
containing 0 and 1 vol.% added water partly overlaps the yield of the oxygen (which, 
in turn, overlaps the yield of the aluminium substrate) and that of the zirconium. 
Differences in the heights of the yields of zirconium, oxygen and fluorine in the 
spectrum of the specimen anodized in the electrolyte containing 5 vol.% added water 
with respect to those of the specimens anodized in the electrolytes containing lower 
amounts of added water suggest differing compositions of the anodic films. 
Furthermore, similar compositions are expected for films formed in electrolytes 
containing 0 and 1 vol.% added water, since the RBS experimental spectra are in 
close agreement. A low signal from hafnium, an impurity of the zirconium target, 
indicates its presence in the zirconium substrate and anodic films at an atomic 
concentration of 0.3%; the concentration of hafnium is similar to that in the 
zirconium target. In the RBS experimental spectra, yields from carbon and nitrogen 
were not resolved, since they were of low magnitude, due to the low atomic numbers 
of carbon and nitrogen, the relatively low concentrations of carbon and nitrogen and 
a high background from the aluminium substrate. 
Figure 4.32a shows the NRA spectra for the sputtered zirconium before and after 
anodizing to 780 mC cm-2 in electrolytes containing different amounts of added 
water. As displayed in the enlarged oxygen/fluorine main peaks of Fig. 4.32b, the 
fluorine peak is evident as a shoulder of the oxygen peak for all the anodic films and, 
as for the films grown on the chemically-etched zirconium, its area increases by 
decreasing the amount of water added to the electrolyte; conversely, the oxygen 
content increases with increase of added water. Similar carbon amounts were present 
in the films, as can be observed by comparing the carbon peaks of Fig. 4.32c, which 
were increased with respect to that of the sputtered zirconium. Similarly, the amount 
of nitrogen in the films increased compared with that present in the sputtered layer 
(see Fig. 4.32a). 
In Fig. 4.33, the RBS experimental and simulated spectra of the anodic film 
grown on the sputtered zirconium to 430 mC cm-2 in the electrolyte containing 5 
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vol.% added water are shown. The fitting was performed by following the procedure 
described in Section 4.1.3 for chemically-etched zirconium anodized under similar 
conditions. Moreover, for the sputtered zirconium, the composition of the residual 
substrate was kept fixed (with O:Zr, C:Zr, N:Zr and Hf:Zr of 0.3, 0.02, 0.06 and 
0.003 respectively). By these procedures, O:Zr and F:Zr and the number of 
zirconium atoms in the anodic films were evaluated (see Table 4.7). O:Zr of 1.6 - 1.8 
was estimated under all the investigated anodizing conditions, whereas F:Zr varied 
from 1.3 to 1.8, with the highest atomic ratio evident for the film formed in the 
electrolyte containing no added water. Films grown on the chemically-etched 
zirconium (Section 4.1.3) incorporated relatively higher amounts of fluorine with 
respect to those formed on the sputtered zirconium under similar conditions. 
Differing results are attributable to differing compositions and morphologies of the 
original substrates (with the sputtered zirconium being oxygen-enriched). C:Zr 
increased from ∼0.02 for the sputtered zirconium to ∼0.25 for the anodized 
specimens, with no systematic dependence on the amount of water added to the 
electrolyte. Similarly, N:Zr increased from 0.06 for the sputtered zirconium to 0.15 
for the anodized specimens.  
 The sputtered zirconium was also anodized to 430 mC cm-2 in the electrolyte 
with 5 vol.% added water containing 10% volume of 18O. The NRA spectrum of 18O 
is shown in Fig. 4.34. The amount of 18O with respect to the amount of 16O, 
calculated from the results of NRA for the 16O content in the specimen and from the 
results of RBS for the oxygen content of the anodic film, was ∼5.3%. The 18O 
content of the anodic film is reduced relatively to the amount in the added 18O-
enriched water due to the incorporation of oxygen of natural isotopic concentration 
from the sputtered substrate and carbon species derived from the glycerol molecules. 
Differences of the estimated enrichment and the enrichment of the added water are 
also possibly due to the presence of water, as a contaminant, in the glycerol source, 
i.e. prior to the addition of the 18O-enriched water, and to any water that enters the 
electrolyte from the atmosphere during the period of anodizing. 
 
Chapter 4 - Anodic films formed on zirconium at 40 V in 0.35 M ammonium 
fluoride in glycerol 
 
129 
4.2.4 - Efficiency of anodizing of the zirconium substrate and of 
formation of anodic films 
Following anodizing to a charge density of 780 mC cm-2, most of the sputtered 
zirconium layer had been oxidized, with SEM and/or TEM revealing that 30 - 50 nm 
of the initial ∼390 nm layer remained. RBS results showed that the initial zirconium 
layer contained 1.4 x 1018 zirconium atoms cm-2 (see Section 3.2). Assuming that 
15% of the zirconium was oxidized during deposition of the substrate by the 
incorporated oxygen, ∼1.2 x 1018 zirconium atoms cm-2 are available for oxidation 
during anodizing, which would consume a charge density of ∼768 mC cm-2 in 
forming Zr4+ ions. Thus, considering the accuracies of the thickness and composition 
of the sputtered zirconium, the anodizing charge appears to be used exclusively in 
oxidizing the zirconium, with negligible influences of other oxidation processes. The 
formation of the films is accompanied by loss of zirconium species to the electrolyte, 
which is evident from comparison of the yields from zirconium in the RBS 
experimental spectra of the sputtered zirconium before and after anodizing to 780 
mC cm-2. The fitting of the spectra indicated that ∼85% of the initial zirconium 
remained in the films after anodizing. The loss of the zirconium may be due to field-
assisted ejection of Zr4+ ions from the film or field-assisted dissolution of the film or 
to chemical dissolution of the film, or a combination of the three processes.  
The efficiency of formation of the anodic films was derived from the ratio 
between the charge density necessary to oxidize the zirconium atoms in the films 
(determined by RBS) calculated from (eq. 4.1), and the charge density passed 
through the cell during anodizing.  According to RBS results, ∼5.5 x 1017 atoms cm-2 
of zirconium were present in the anodic film grown to 430 mC cm-2 in the electrolyte 
containing 5 vol.% added water, whereas ∼1.1 x 1018 atoms cm-2 of zirconium were 
present in the anodic films grown to 780 mC cm-2 with different additions of water 
(0, 1 and 5 vol.%). From (eq. 4.1), a charge density of ∼350 mC cm-2 was required to 
oxidize the zirconium present in the anodic film grown to 430 mC cm-2, whereas a 
charge density of ∼740 mC cm-2 was necessary to oxidize the zirconium present in 
the anodic films grown to 780 mC cm-2. Thus, efficiencies of ∼82 and 95% were 
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calculated from (eq. 4.1) for the films formed to 430 and 780 mC cm-2 respectively. 
However, 15% of the zirconium oxide present in the anodic films came from the 
sputtered substrate, which showed O:Zr of ∼0.3. Thus, efficiencies of ∼70 and 81% 
were obtained for the films formed to 430 and 780 mC cm-2 respectively if the 
number of zirconium atoms present in the anodic films was reduced by 15% to 
account for the contribution of oxidized zirconium in the substrate.  
 
4.3 - Comparisons of the films formed on differing 
zirconium substrates and hypotheses on the mechanism of 
film growth 
By comparing the experimental results relating to the anodic films grown on the 
chemically-etched zirconium and the sputtered zirconium at 40 V in 0.35 M 
ammonium fluoride in glycerol, some dissimilarities were observed in their 
morphologies and compositions, which could be attributed to differences in 
compositions and/or morphologies of the original substrates, with the sputtered 
zirconium containing significant amounts of impurities and showing grains of 
reduced size with respect to those of the chemically-etched zirconium. 
By anodizing both the substrates, the growth rate of the films was accelerated by 
small additions of water (up to 5 vol.%) to the electrolyte and films of reasonably 
similar thicknesses were obtained after the same charge density was passed (films 
with thicknesses of ∼700 and 780 nm were formed on the chemically-etched 
zirconium and the sputtered zirconium respectively following anodizing to 780 mC 
cm-2). The thickness of the films was not significantly influenced by additions of 
water to the electrolyte, being mainly dependent on the charge density passed during 
anodizing. The slightly enhanced thickness of the films formed on the sputtered 
zirconium is possibly due to the oxygen present in the substrate as an impurity; 
according to [164], oxygen in sputtered niobium accelerates film growth, without 
affecting significantly the transport number of ionic species in the oxide.  
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Slightly differing morphologies were revealed between films grown under 
similar conditions on the two substrates. Films formed on the chemically-etched 
zirconium in the electrolyte containing no added water were porous in cross-section 
(Figs. 4.2a, 4.6, 4.17b, 4.18 and 4.19), with individual nanotubes being difficult to 
isolate by scraping the films (Fig. 4.5a); water added to the electrolyte led to easier 
tube separation (Figs. 4.5b and 4.5c), as also previously reported in [118]. In the case 
of the sputtered zirconium, nanotubular films were formed in all the employed 
electrolytes, with an increased amount of intratubular material at the peripheries of 
the external walls of the nanotubes by reducing the additions of water. For both the 
substrates, characteristic nanotube sizes were decreased by decreasing the amount of 
water added to the electrolyte (Tables 4.2 and 4.6), with diameters slightly reduced 
for films formed on the sputtered zirconium with respect to those formed on the 
chemically-etched zirconium.  
As revealed by diffraction patterns in Figs. 4.5 and 4.28, the nanotubes formed 
on both the substrates consist of amorphous material, which has been reported 
previously, for anodic nanotubular films grown in organic electrolytes containing Cl- 
ions [120] or F- ions [126, 132], and aqueous solution of 0.5 vol.% hydrofluoric acid 
[123, 124].  
Qualitative study of the composition of zirconium oxide nanotubes, by energy 
dispersive spectroscopy (EDS) and/or X-ray photoelectron spectroscopy (XPS), have 
detected fluorine [123, 124, 126, 132] or chlorine [120]. In this work, a quantitative 
study of the compositions of the films was performed by RBS and NRA. 
Compositions of the films formed on both the zirconium substrates showed 
similarities, being fluorine-enriched. The content of fluorine in the films increased 
(with F:Zr from 1.5 to 2.6 and from 1.3 to 1.8 for films grown on the chemically-
etched zirconium and the sputtered zirconium respectively) by reducing the amount 
of water added to the electrolyte. The change in the film composition, by varying the 
amounts of water added to the electrolyte, is presumed to be due mainly to the 
relative availabilities of water molecules and F- ions in the electrolyte at the pore 
bases. Thus, additional water molecules favour the formation of zirconium oxide in 
the film and hence reduce the contribution of zirconium fluoride. The amount of 
oxygen in the films formed on the chemically-etched zirconium increased by 
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increasing water additions to the electrolyte, with O:Zr increasing from 0.9 to 1.8, 
whereas O:Zr of ∼1.7 was estimated for the films formed on the sputtered zirconium 
under all the investigated conditions. Generally, the enhanced F:Zr and reduced O:Zr 
of films formed on the chemically-etched zirconium with respect to those grown on 
the sputtered zirconium may be related to the oxygen impurity coming from the 
sputtered substrate and differences in the water content of the supplied glycerol used 
to prepare the electrolytes. Any systematic dependence of the amount of carbon 
(which was found in the films by NRA) on the charge density and/or water additions 
to the electrolyte may be masked by residues of glycerol in the pores of the films 
and/or carbon species adsorbed on the specimens during their storage before 
composition analyses. Similarly, the presence of nitrogen in the films may be due to 
ammonium species, which were adsorbed on the film surfaces from the ammonium 
fluoride contained in the employed electrolytes. Moreover, the compositions of the 
films, formed on the same substrate and in electrolytes nominally containing the 
same amount of added water, did not change significantly by varying the charge 
density passed during anodizing, according to results reported in Tables 4.3, 4.4 and 
4.7. 
In order to get information on the distribution of the species in the anodic films 
formed on the chemically-etched zirconium, specimens were milled by FIB and 
analysed by high-resolution TEM/EDX analysis (Section 4.1.5). In the case of films 
grown in the electrolyte containing no added water, “nanotubes” (or regions around 
the pores mainly containing zirconium, oxygen and fluorine) are embedded in a 
matrix that mainly contains zirconium and fluorine (as displayed in Fig. 4.18). Films 
grown on the chemically-etched zirconium with 5 vol.% added water also contain 
nanotubes embedded in a similar, fluoride-rich matrix (as shown in Fig. 4.21). 
However, the fluoride-rich region separating the nanotubes is thinner than in the case 
of the film produced in the absence of added water, with a thickness of the zirconium 
fluoride layer at the base of the nanotubes reduced from ∼80 to 10 nm, by increasing 
the amount of added water from 0 to 5 vol.%. The nanotubes per se, formed in the 
glycerol/fluoride electrolyte, are considered to consist of two layers, or shells, which 
are differentiated in composition due to differing migration rates of the anions across 
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the nanotube base, with the carbon species, considered as the slowest anions, 
enriching the oxide-rich region around the pores.  
In the early stage of anodizing, an amorphous, barrier-type film is formed, with a 
finely porous outer region, as shown in Fig. 4.23 for a film grown on the sputtered 
zirconium for 3 s in the electrolyte containing 1 vol.% added water. At the initial 
stage of anodizing, it is suggested that pores develop by local dissolution of the 
fluoride-enriched film under the electric field and/or by chemical dissolution. The 
light region in the barrier-type film of Fig.4.23 is probably due to a zirconium 
fluoride layer, containing impurities from the substrate. The loss of zirconium is 
presumed to be due to ejection, with small contributions from chemical or field-
assisted dissolution of film material.  
Amorphous anodic oxides usually grow by counter migration of cations and 
anions. Under the applied voltage, ionic migration of film species takes place within 
the barrier region of the films, at the base of the pores, where oxygen, fluorine and 
carbon species are incorporated from the electrolyte. Studies of anodic tantala and 
titania showed that F- ions migrate inwards faster than O2- ions [165, 166]; a similar 
fast inward migration of F- ions is expected for the films formed on zirconium under 
the present experimental conditions. The anionic mobile species are O2- and F- ions 
and carbon-containing anions. The last type of anion is derived from the glycerol 
molecules and is presumed to be the slowest of the migrating anions and is therefore 
restricted to the outer shell of the nanotubes (similarly to nanotubes on titanium 
[144]), which is closest to the electrolyte. The outer shell, around the pore, is 
composed of units of zirconium oxide and zirconium fluoride, with incorporated 
carbon-species. The faster migrating F- and O2- ions are able to migrate through the 
base of the outer shell to form the inner shell, which contains both zirconium oxide 
and zirconium fluoride. F- ions, being the fastest of the anions, migrate across the 
base of the inner shell to form the zirconium fluoride matrix. Water added to the 
electrolyte provides a source of O2- ions, promoting the formation of a thicker 
nanotube region, while the thickness of the fluoride-rich region is reduced. Zr4+ ions 
are expected to migrate outwards through the nanotube base and to be lost to the 
electrolyte by field-assisted dissolution or ejection processes. The proposed counter 
migration of Zr4+ ions in the nanotube base is consistent with the observation of a 
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transport number of ∼0.15 for zirconic ions in amorphous zirconium oxide [112], 
although clearly there may be influences of the F- ions and carbon-containing anions 
on the transport of Zr4+ ions in the present films. The transport numbers of Zr4+ and 
F- ions in the fluoride-rich material appear to be unknown. The three regions that 
constitute the porous film are expected to show different chemical-physical and 
electronic properties, which remain to be explored. The initial growth of the pores 
may be due to dissolution, with the barrier layer thickness sustained by simultaneous 
growth of new film material. Alternatively, a steady thickness of the barrier layer 
may be achieved by flow of oxide from the barrier layer to the nanotube/pore walls 
under the influence of film growth and electrostriction.  
The film formation clearly has a close affinity with porous anodic alumina, 
where films commonly consist of compositionally-differentiated regions due to 
differing migration rates of species incorporated from the electrolyte [167-169]. In 
the case of porous alumina formed under a constant voltage, the barrier layer 
thickness is relatively unchanging once the major pores are well-established. Thus, 
new barrier layer material is continuously formed while either field-assisted 
dissolution or field assisted flow of material at the pore base maintains the constant 
thickness [54, 55]. 
The ratio of the combined thicknesses of the nanotube base and fluoride layer, 
and the anodizing voltage are ∼2.3 and 0.9 nm V-1 for the present films formed to 
780 mC cm-2 with 0 and 5 vol.% added water respectively. The formation ratio to 
grow a barrier-type film composed of crystalline anodic zirconium oxide is ∼2.0 nm 
V-1 [4]. The latter ratio corresponds to the inverse of the average value of the electric 
field across the film. Thus, it is evident that the fluoride layer must support a high 
electric field that has an order of magnitude similar to the field required for ionic 
migration in anodic oxides.  
A similar mechanism of growth is suggested for the films formed on the 
sputtered zirconium. By observing an ultramicrotomed section of a film grown on the 
sputtered zirconium in the electrolyte containing 5 vol.% added water, nanotubes 
appear embedded in a matrix (the thickness of the layer at the base of the nanotubes 
being 30 - 50 nm, as displayed in the micrographs of Figs. 4.29 and 4.30), as for the 
films formed on the chemically-etched zirconium in electrolytes containing 0 and 5 
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vol.% added water. In this case, the ratio of the combined thicknesses of the 
nanotube base and fluoride layer and the anodizing voltage is ∼1.4 nm V-1, with both 
thicknesses being increased with respect to those relating to the film formed on the 
chemically-etched zirconium under similar conditions. Differences in thickness are 
suggested to be due to the impurities (mainly oxygen, carbon and nitrogen) 
incorporated in the matrix/intratubular material and nanotubes from the original 
sputtered substrate. 
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4.4 - Figures and Tables 
 
 
vol.% added water  i / mA cm-2 
0 0.2 - 0.5 
1 1.9 - 3.5 
5 8.5 - 13.0 
 
Table 4.1 – Ranges of current density values achieved towards the termination of anodizing of 
chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing 0, 1 and 5 vol.% added water, at room temperature. 
 
 
 
vol.% added water Dext / nm Dint / nm nanotube base / nm 
0 60 ± 7 21 ± 7 19 ± 4 
1 70 ± 11 40 ± 8 23 ± 3 
5 75 ± 15 40 ± 10 24 ± 3 
 
Table 4.2 – Characteristic sizes (estimated to an accuracy of ± 5 nm) of nanotubes formed by 
anodizing chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing 0, 1 and 5 vol.% added water, at room temperature. 
 
 
 
vol.% added water O:Zr F:Zr Zr atoms cm-2 efficiency 
0 1.0 2.5 9.4 x 1017 77% 
1 1.7 2.4 9.0 x 1017 74% 
5 1.8 1.6 9.9 x 1017 81% 
 
Table 4.3 – O:Zr and F:Zr (from RBS and NRA data and calculated to an accuracy of ± 0.1), the 
number of zirconium atoms (obtained from RBS) and efficiencies of growth relating to the anodic 
films formed on chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride 
in glycerol, containing 0, 1 and 5 vol.% added water, at room temperature. 
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vol.% added water q / mC cm-2 O:Zr F:Zr Zr atoms cm-2 efficiency 
0 
180 0.9 2.5 2.7 x 1017 96% 
300 0.9 2.6 3.7 x 1017 79% 
430 0.9 2.6 6.1 x 1017 91% 
600 0.9 2.6 8.2 x 1017 87% 
5 
180 1.7 1.6 2.0 x 1017 71% 
300 1.6 1.5 3.3 x 1017 71% 
430 1.7 1.6 4.6 x 1017 70% 
600 1.6 1.5 7.4 x 1017 79% 
 
Table 4.4 – O:Zr and F:Zr (from RBS and NRA data and calculated to an accuracy of ± 0.1), the 
number of zirconium atoms (obtained from RBS) and efficiencies of growth relating to anodic films 
formed on chemically-etched zirconium at 40 V to differing charge densities in 0.35 M ammonium 
fluoride in glycerol, containing 0 and 5 vol.% added water, at room temperature. 
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vol.% added water  i / mA cm-2 
0 0.1 - 0.3 
1 1.9 - 3.6 
5 5.0 - 8.0 
 
Table 4.5 – Ranges of current density values achieved towards the termination of anodizing of the 
sputtered zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 0, 1 
and 5 vol.% added water, at room temperature. 
 
 
 
vol. % added water Dext / nm Dint / nm nanotube base / nm 
0 40 ± 10 20 ± 10 16 ± 5 
1 57 ± 11 30 ± 7 24 ± 4 
5 63 ± 10 33 ± 7 27 ± 4 
 
Table 4.6 – Characteristic sizes (estimated to an accuracy of ± 5 nm) of nanotubes formed on the 
sputtered zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 0, 1 
and 5 vol.% added water, at room temperature. 
 
 
 
vol.% added water q / mC cm-2 O:Zr F:Zr Zr atoms cm-2 
0 780 1.7 1.8 1.1 x 1018 
1 780 1.7 1.7 1.1 x 1018 
5 
430 1.8 1.3 5.5 x 1017 
780 1.8 1.3 1.1 x 1018 
 
Table 4.7 – O:Zr and F:Zr (from RBS and NRA data and calculated to an accuracy of ± 0.1), the 
number of zirconium atoms (obtained from RBS) estimated for the anodic films formed on the 
sputtered zirconium at 40 V to charge densities ≤ 780 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing 0, 1 and 5 vol.% added water, at room temperature. 
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Figure 4.1 – Dependence of (a) current and (b) charge densities on time during anodizing of 
chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing 0, 1 and 5 vol.% added water, at room temperature. 
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Figure 4.2 – Scanning electron micrographs (secondary electron mode) showing the morphologies of 
anodic films formed on chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium 
fluoride in glycerol, containing (a) 0, (b) 1 and (c) 5 vol.% added water, at room temperature. 
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Figure 4.3 – Scanning electron micrographs showing the surface of anodic films formed on 
chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing (a: secondary electron mode, b: backscattered electron mode) 0 and (c: secondary electron 
mode) 5 vol.% added water, at room temperature. 
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Figure 4.4 – Scanning electron micrographs (secondary electron mode) showing the morphology of 
the bottom of anodic films formed on chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M 
ammonium fluoride in glycerol, containing (a) 0, (b) 1 and (c) 5 vol.% added water, at room 
temperature. 
 
 
 
 
 
Figure 4.5 – Bright-field transmission electron micrographs showing the bases of nanotubes formed 
by anodizing chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing (a) 0, (b) 1 and (c) 5 vol.% added water, at room temperature. 
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Figure 4.6 – Scanning electron micrographs (secondary electron mode) showing anodic films formed 
on chemically-etched zirconium at 40 V to (a) 430, (b) 780, (b) 1560 and (c) 2340  mC cm-2, in 0.35 
M ammonium fluoride in glycerol, containing no added water, at room temperature. 
 
 
 
 
 
 
Figure 4.7 – Scanning electron micrograph (secondary electron mode) showing a fracture along a 
plane almost parallel to the surface of an anodic film formed on chemically-etched zirconium at 40 V 
to 1560 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing no added water, at room 
temperature. 
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Figure 4.8 – Scanning electron micrographs (secondary electron mode) showing the top of anodic 
films formed on chemically-etched zirconium at 40 V to (a) 1560 and (b) 2340 mC cm-2 in 0.35 M 
ammonium fluoride in glycerol, containing no added water, at room temperature. 
 
 
 
 
Figure 4.9 – RBS experimental spectra of the chemically-etched zirconium before and after anodizing 
at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 0, 1 and 5 vol.% added 
water, at room temperature. 
 
 
Chapter 4 - Anodic films formed on zirconium at 40 V in 0.35 M ammonium 
fluoride in glycerol 
 
145 
 
 
 
 
 
 
Figure 4.10 – (a) NRA spectra for the chemically-etched zirconium anodized at 40 V to 780 mC cm-2 
in 0.35 M ammonium fluoride in glycerol, containing 0, 1 and 5 vol.% added water, at room 
temperature. (b) Oxygen/fluorine and (c) carbon peaks. 
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Figure 4.11 – (a) RBS experimental and simulated spectra of the chemically-etched zirconium 
anodized at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 5 vol.% added 
water, at room temperature. (b) Hydrogen was added to the composition of the film to fit the RBS 
experimental spectrum. 
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Figure 4.12 – Dependence of current density on time during anodizing of chemically-etched 
zirconium at 40 V to 600 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing no added 
water, at room temperature. Dashed lines indicate times (corresponding to charge densities of 180, 
300, 430 and 600 mC cm-2) at which various experiments were stopped.  
 
 
 
 
 
Figure 4.13 – RBS experimental spectra of the chemically-etched zirconium anodized at 40 V to 
differing charge densities (of 180, 300, 430 and 600 mC cm-2) in 0.35 M ammonium fluoride in 
glycerol, containing no added water, at room temperature. 
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Figure 4.14 – NRA spectra for the chemically-etched zirconium anodized at 40 V to differing charge 
densities (of 180, 300, 430 and 600 mC cm-2) in 0.35 M ammonium fluoride in glycerol, containing no 
added water, at room temperature. (b) Oxygen/fluorine and (c) carbon peaks. 
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Figure 4.15 – Dark-field transmission electron micrograph of nanotubes formed by anodizing 
chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing 5 vol.% added water, at room temperature. 
 
 
 
Figure 4.16 – Dark-field transmission electron micrographs, with coupled EDX analyses at the 
locations of the red crosses, of nanotubes formed by anodizing chemically-etched zirconium at 40 V 
to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 5 vol.% added water, at room 
temperature. 
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Figure 4.17 – (a) Scanning electron micrograph (secondary electron mode) of a FIB-section (at 90° to 
the specimen surface) of the chemically-etched zirconium anodized at 40 V to 1560 mC cm-2 in 0.35 
M ammonium fluoride in glycerol, containing no added water, at room temperature. (b) Bright-field 
transmission electron micrograph of the FIB-section of (a). 
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Figure 4.18 – Dark-field transmission electron micrographs, with coupled EDX analyses at the 
locations of the red crosses, of the regions at the bottom of an anodic film (sectioned by FIB) formed 
on chemically-etched zirconium at 40 V to 1560 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing no added water, at room temperature. 
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Figure 4.19 – Dark-field transmission electron micrographs of regions at the bottom of anodic films 
(sectioned by FIB) formed on chemically-etched zirconium at 40 V to 780 and 1560 mC cm-2 in 0.35 
M ammonium fluoride in glycerol, containing no added water, at room temperature. 
 
 
 
 
 
Figure 4.20 – (a) Dark-field and (b) bright-field transmission electron micrographs of a FIB-section of 
chemically-etched zirconium anodized at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing 5 vol.% added water, at room temperature. 
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Figure 4.21 – Dark-field transmission electron micrographs, with coupled EDX analyses at the 
locations of the red crosses, of the regions at the bottom of the film shown in Fig. 4.20. 
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Figure 4.22 – Dependence of (a) current and (b) charge densities on time during anodizing of the 
sputtered zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 0, 1 
and 5 vol.% added water, at room temperature. 
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Figure 4.23 – Bright-field transmission electron micrograph showing an ultramicrotomed cross-
section of the sputtered zirconium anodized at 40 V for 3 s in 0.35 M ammonium fluoride in glycerol, 
containing 1 vol.% added water, at room temperature. 
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Figure 4.24 – Scanning electron micrographs (secondary electron mode) showing anodic films formed 
on the sputtered zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing (a) 0, (b) 1 and (c) 5 vol.% added water, at room temperature. 
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Figure 4.25 – Scanning electron micrographs (a: secondary electron mode, b: backscattered electron 
mode) showing the morphology of the surface of an anodic film formed on the sputtered zirconium at 
40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 1 vol.% added water, at 
room temperature. 
 
 
 
 
 
Figure 4.26 – Scanning electron micrographs (secondary electron mode) showing the bottom of an 
anodic film formed on sputtered zirconium at 40 V to 430 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing 5 vol.% added water, at room temperature. 
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Figure 4.27 – Scanning electron micrographs (a: secondary electron mode; b: backscattered electron 
mode) showing the bottom of an anodic film formed on the sputtered zirconium at 40 V to 780 mC 
cm-2 in 0.35 M ammonium fluoride in glycerol, containing no added water, at room temperature. 
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Figure 4.28 – Bright-field transmission electron micrographs showing the bases of nanotubes formed 
by anodizing the sputtered zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing (a) 0, (b) 1 and (c) 5 vol.% added water, at room temperature. 
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Figure 4.29 – Bright-field transmission electron micrograph showing an ultramicrotomed cross-
section of the sputtered zirconium anodized at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing 5 vol.% added water, at room temperature. 
 
 
 
Figure 4.30 – Scanning electron micrograph (secondary electron mode) of an ultramicrotomed section 
(at 45° to the film surface) of the sputtered zirconium anodized at 40 V to 780 mC cm-2 in 0.35 M 
ammonium fluoride in glycerol, containing 5 vol.% added water, at room temperature. 
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Figure 4.31 – RBS experimental spectra of the sputtered zirconium substrate before and after 
anodizing at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride, containing 0, 1 and 5 vol.% added 
water, at room temperature. 
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Figure 4.32 – (a) NRA spectra for the sputtered zirconium before and after anodizing at 40 V to 780 
mC cm-2 in 0.35 M ammonium fluoride, containing 0, 1 and 5 vol.% added water, at room 
temperature. (b) Oxygen/fluorine and (c) carbon peaks. 
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Figure 4.33 – RBS experimental and simulated spectra of the sputtered zirconium anodized at 40 V to 
430 mC cm-2 in 0.35 M ammonium fluoride, containing 5 vol.% added water, at room temperature. 
 
 
 
 
 
Figure 4.34 – NRA 18O spectrum for an anodic film formed on the sputtered zirconium at 40 V to 430 
mC cm-2 in 0.35 M ammonium fluoride in glycerol, with 5 vol.% of added water containing 10% of 
18O, at room temperature. 
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Chapter 5 - Ageing of the anodic films formed on 
the chemically-etched zirconium at 40 V in 0.35 M 
ammonium fluoride in glycerol 
In order to examine possible variations in the morphologies (by SEM and TEM) 
and compositions (by RBS and NRA, and high-resolution TEM/EDX analysis) of 
anodic films formed on the chemically-etched zirconium at 40 V in 0.35 M 
ammonium fluoride in glycerol, due to chemical dissolution, anodized specimens 
were aged in the formation electrolyte for several times (up to 24 h). The films were 
also aged in deionized water, which is of interest in relation to the possibility that 
films may be degraded by rinsing of the specimens after their removal from the 
formation electrolyte. 
The anodic films were formed to 780 mC cm-2 in the electrolytes containing 0 
and 5 vol.% added water, following the experimental procedure described in Section 
2.2. Before ageing, specimens were masked with Lacomit lacquer to leave only a 
region of anodic film exposed to the electrolyte (or deionized water). They were then 
aged by immersion in either the formation electrolyte or deionized water for times of 
1, 3, 6 and 24 h, at room temperature.  
 
5.1 - Morphologies of aged films 
The scanning electron micrographs of Figure 5.1 show the morphologies of an 
anodic film grown in the electrolyte containing no added water after immersion in 
the formation electrolyte (Fig. 5.1a) and in deionized water (Fig. 5.1b) for 24 h. As 
observed in Section 4.1.2 (Figs. 4.2a and 4.6b), the ∼690 nm-thick film, formed 
under similar conditions, shows a rough porous morphology, with a ∼90 nm thick 
barrier layer at the base of the pores, which occasionally branch. As described in 
Section 4.1.5, TEM/EDX analysis of anodic films grown in the electrolyte containing 
no added water demonstrated that films comprise nanotubes (containing mainly 
zirconium, oxygen and fluorine) embedded in a matrix which is principally 
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composed of zirconium and fluorine. Figure 5.1a shows that, after ageing the film in 
the formation electrolyte for 24 h, nanotubes can be distinguished clearly, revealing 
roughened external walls and hemispherical bases of ∼65 nm diameter. The ageing 
treatment is evidently responsible for the transition from a porous to a nanotubular 
morphology. Conversely, ageing in deionized water for 24 h caused no significant 
changes in the film morphology, as revealed in Fig. 5.1b, which shows that the 
barrier layer remained ∼90 nm thick and that no separation of the nanotubes from the 
fluoride-rich matrix had occurred. Other specimens that were aged for times from 1 
to 6 h, in either the formation electrolyte or deionized water, showed morphologies 
very similar to those reported in Figs. 5.1a and 5.1b for the respective ageing 
conditions. However, occasional residues of the fluoride-rich matrix were still 
present at the peripheries of nanotubes aged in the formation electrolyte for 1 h, 
which were absent from nanotubes aged for the longer times. None of the ageing 
treatments affected significantly the thickness (∼600 nm) of the nanotubular film.  
Figures 5.2a and 5.2b show the surfaces of films, formed in the electrolyte 
containing no added water, aged in the formation electrolyte and in deionized water 
respectively for 24 h. Ageing in both the investigated conditions does not affect 
significantly the morphology of the surface that replicates the topography of the 
substrate, which was influenced by differing grain orientations of the chemically-
etched zirconium (see Figs. 3.2 and 3.3). Similar results were obtained for films aged 
for differing times in both the formation electrolyte and deionized water. However, 
when anodized specimens were aged in the formation electrolyte for longer times (6 
and 24 h), relatively large cracks were evident on the surface of the films (as 
displayed in Fig. 5.3), with the appearance of the surface suggesting that dissolution 
of the fluoride-rich matrix promoted the partial detachment of the film from the 
substrate and breaking of the film. The cracking of the film may have occurred 
during subsequent drying of the specimens, following the ageing treatment. 
As displayed in the bright-field transmission electron micrographs of Fig. 5.4, 
ageing in the formation electrolyte for differing times resulted in nanotubes with a 
smoother morphology than that shown by the as-formed nanotubes of Fig. 4.5a, since 
the intratubular material had been dissolved; the particular nanotubes shown have a 
base thickness of 9 - 13 nm and internal and external diameters of ∼50 and 70 nm 
Chapter 5 - Ageing of the anodic films formed on the chemically-etched 
zirconium at 40 V in 0.35 M ammonium fluoride in glycerol 
 
166 
respectively. Characteristic nanotube sizes are reported in Table 5.1 for different 
ageing times. The featureless appearance of the nanotube material is indicative of an 
amorphous structure, which is consistent with previous findings of electron 
diffraction, reported in Section 4.1.2. When cleaned of the intratubular material by 
the ageing treatment, the nanotubes revealed an intrinsic roughness due to the 
tendency of the pores to form incipient branches (as displayed in Fig 5.4b), most of 
which do not appear to develop beyond the stage of a short protuberance.  
Ageing affected the films grown with 5 vol.% added water in a similar manner to 
those formed with no added water. Figure 5.5a shows a scanning electron 
micrograph of a film immersed in the formation electrolyte for 24 h; nanotubes can 
be distinguished clearly, with a length of ∼730 nm (similar to the thickness of the as-
formed anodic film - see Sections 4.1.2 and 4.1.5). The nanotubes are attached to a 
thin region of film, formed at the initial stage of anodizing and from which the 
porous film develops. The external walls of each nanotube appear to be free of 
intratubular material and are evidently well-separated from the walls of the adjacent 
nanotubes. Further, the walls of the nanotubes were also free of the incipient 
branching that resulted in the roughening of the nanotubes formed without added 
water. No major differences were observed in the morphologies of nanotubes aged in 
the formation electrolyte for other times (in the range from 1 to 6 h), which appeared 
similar to those shown in Fig. 5.5a. In contrast to the influence of the formation 
electrolyte, the nanotubes remained mainly embedded in the fluoride-rich matrix 
following ageing in deionized water for times from 1 to 24 h, as shown in the 
scanning electron micrograph of Fig. 5.5b. Figure 5.5b also discloses a thin, 
relatively flat layer at the base of the nanotubes (as also displayed for the 
corresponding as-formed films in Figs. 4.4c, 4.20 and 4.21), and a small region 
where the layer had detached from the nanotubes, revealing the approximately 
hemispherical nanotube bases. In Section 4.1.5, high-resolution EDX analysis (Fig. 
4.21b) revealed that this layer is mainly composed of zirconium and fluorine; the 
detachment at the particular region may be related to a local difference in the 
composition and morphology of the chemically-etched zirconium substrate. The 
fluoride layer appears to be ∼20 nm thick, which is significantly less than the 
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thickness of the fluoride layer formed without added water, in agreement with 
previous findings (Section 4.1.5).  
Bright-field transmission electron micrographs of nanotubes formed in the 
electrolyte containing 5 vol.% added water and aged in the formation electrolyte for 
differing times are shown in Fig. 5.6. The appearance of the nanotubes indicates an 
amorphous structure, as observed for the as-formed nanotubes in Section 4.1.2. Aged 
nanotubes showed external and internal diameters of ∼50 and 30 nm respectively, 
and a barrier layer thickness of ∼20 nm; characteristic nanotube sizes for differing 
ageing times are reported in Table 5.1. However, it is not possible to say whether 
differences in diameters of aged and non-aged nanotubes (see Tables 4.2 and 5.1, for 
films formed in the electrolyte containing 5 vol.% added water) are significant, since 
it was previously shown (Section 4.1.2) that nanotubes formed under similar 
conditions show a relatively wide range of external diameters, from 45 to 85 nm. 
Nanotubes aged in the formation electrolyte for differing times were always free of 
the intratubular material. In contrast, the characteristic nanotube sizes of specimens 
aged in deionized water were very similar to those obtained for the as-formed films 
for all times of ageing, and the intratubular material sometimes surrounded their 
external walls, as displayed in the bright-field transmission electron micrograph of 
Fig. 5.7 for nanotubes aged for 24 h. 
Figures 5.8a and 5.8b show scanning electron micrographs of films formed with 
0 and 5 vol.% added water respectively that were then aged in deionized water for 3 
h; the areas selected for observation show locations where the films had detached 
from the zirconium substrate. The films had detached near to regions from which 
nanotubes had been removed from the zirconium substrate by scraping the anodized 
surface; the detachment was probably initiated by the stress induced in the film near 
to the scraped zone by the scraping procedure. In Fig. 5.8a, the anodic film formed 
with no added water is evident, adjacent to a region where the film was lost entirely 
from the zirconium surface. The relatively thick, fluoride-rich region is readily seen 
at the base of the film, indicating that the detachment occurred either at or very close 
to the interface between the fluoride layer and the substrate. The exposed zirconium 
reveals grain boundaries and facet-like features on the grain surfaces that differ in 
appearance between the grains. The crystallographic features suggest an influence of 
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the grain orientation on the film growth. Figure 5.8b shows a dimpled surface at the 
region of detachment of the film formed with 5 vol.% added water. The surface 
appears to replicate the fluoride layer/nanotubular film interface, which is revealed 
locally at the underside of the film shown in Fig. 5.5b. The dimples, which have 
dimensions that are usually in the range from 68 to 88 nm, although some are of 
significantly smaller and larger size (for example ∼45 and 115 nm respectively), are 
contained within 4-, 5-, 6- and 7-sided polygons. The influence of a grain boundary 
in the zirconium substrate appears to be evident at the right-hand side of the image, 
where a line is evident that separates polygons of differing sizes. In contrast to the 
effect of ageing in water, ageing in the formation electrolyte, containing either 0 or 5 
vol.% added water, resulted in significant corrosion of the substrate; Fig. 5.9 shows 
corrosion products and, possibly, remnants of the fluoride region of the barrier layer 
where the film detached from the zirconium substrate. 
 
5.2 - Compositions of aged films 
5.2.1 - Specimens aged in the formation electrolyte 
The compositions of the nanotubes grown with 0 and 5 vol.% and aged in the 
formation electrolyte for 24 h were investigated qualitatively by high-resolution 
TEM/EDX analysis. Dark-field transmission electron micrographs of the nanotubes 
are shown in Fig. 5.10. The presence of zirconium, fluorine and oxygen was detected 
in the nanotubes, as indicated in the representative EDX spectra that were recorded at 
the locations shown in the micrographs of Figs. 5.10a and 5.10b. EDX spectra that 
were recorded at other locations, including both the barrier layer and the tube walls, 
were very similar to those displayed in Figs. 5.10a and 5.10b, suggesting that there 
was little variation in the composition of the nanotube material.  
Quantitative information on the compositions of the aged films was obtained by 
analysing the specimens by RBS and NRA. In Fig. 5.11a, the RBS experimental 
spectra of a specimen anodized in the electrolyte containing 5 vol.% added water, 
before and after ageing in the formation electrolyte for 1 h, are shown. A step in the 
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yield of zirconium is observed for both specimens, indicating the presence of 
zirconium in the films; the step is much wider for the as-formed film than for the 
aged specimen due to loss of zirconium from the film after immersion in the 
electrolyte. In comparison with the yield from zirconium in the film, the yields from 
the lighter elements (namely carbon, nitrogen, oxygen and fluorine) are low, and are 
superimposed on the high yield from the zirconium in the substrate. According to the 
results of SEM and TEM that were presented previously in Section 5.1, a reduction 
in the amount of zirconium in the aged specimen is expected from the loss of the 
fluoride-rich matrix. RBS experimental spectra that were similar to that of the film 
aged for 1 h were obtained for the specimens aged for times up to 6 h, which show a 
relatively small change in the amount of zirconium in the film with increase of the 
ageing time from 1 to 6 h (Fig. 5.11b). The small variations among the spectra for the 
different specimens may be due to small differences in the as-formed anodic films. 
However, at the longest ageing time (24 h), the zirconium signal appears enhanced, 
which suggests a change in the composition of the film, for instance involving a 
reduction in the atomic ratio of the lighter elements with respect to the zirconium. 
However, it is also possible that the film had detached in some regions of the 
analysed area (as occurred with specimens formed and aged in the electrolyte 
containing no added water for 24 h of Fig. 5.3), following the protracted ageing 
treatment, such that the spectrum is a superimposition of spectra due to the filmed 
and non-filmed regions of the zirconium surface.  
Figure 5.12a shows the NRA spectra for specimens aged for differing times in 
the formation electrolyte. As can be disclosed in the enlarged oxygen/fluorine main 
peaks of Fig. 5.12b, the amount of fluorine in the aged films is almost unchanged for 
immersion times up to 3 h; it slightly reduces by ~15% following immersion for 6 h. 
Prolonged immersion of the specimens in the formation electrolyte (up to 24 h) 
further decreased the amount of fluorine present in the film (to ~60% of the amount 
present in the film aged for the shortest time). Conversely, the amount of oxygen in 
the aged specimens is almost constant for immersion times up to 6 h; it then reduces 
by ~35% following immersion for 24 h. The carbon followed a trend roughly similar 
to that of the oxygen, as displayed in Fig. 5.12c; conversely, the amount of nitrogen 
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in the films was almost unchanged following immersion in the formation electrolyte 
for different times (see Fig. 5.12a). 
The RBS experimental spectra were fitted according to NRA results following 
the procedures described in Section 4.1.3. In Table 5.2 the resulting O:Zr and F:Zr 
(to an accuracy of ± 0.1) and the number of zirconium atoms are reported for the as-
formed film and films aged for differing times in the formation electrolyte. 
Measurements of carbon and nitrogen (C:Zr and N:Zr varied in the ranges from 0.15 
to 0.20, to an accuracy of ± 0.1, and from 0.01 to 0.02, to an accuracy of ± 0.005, 
respectively) are probably affected by adsorbed carbon- and nitrogen-containing 
species from the anodizing electrolyte and the ambient environments during 
anodizing and ageing, and storage and analysis of the specimens respectively. The 
aged films were found to be poorer in fluorine with respect to the as-formed film (the 
amount of fluorine reduced by ∼40% following 1 h of immersion). Ageing did not 
significantly affect O:Zr of the films, for immersion times up to 6 h, with respect to 
that of the as-formed film. However, a decrease in oxygen and fluorine was observed 
for the specimen aged for 24 h; the relatively low F:Zr and O:Zr for this specimen 
suggest that detachment of part of the film (as reported previously in Section 5.1 for 
the corresponding film formed and aged for 24 h in the electrolyte containing no 
added water) had occurred during ageing for times between 6 and 24 h rather than a 
major change in the composition of the film. Comparison of the zirconium contents 
in the films of the non-aged and aged specimens (Table 5.2) suggests that a loss of 
∼26% of the zirconium in the as-formed film occurred within 1 h of ageing in the 
formation electrolyte. Additional ageing (up to 6 h) increased the loss of zirconium 
to 33%, suggesting that any loss of zirconium must occur at a slower rate for the 
longer times of ageing. Data obtained for the specimen aged for 24 h, with the film 
possibly detached from the zirconium substrate, are not considered useful for 
comparison. The main loss of zirconium is suggested to be due to the dissolution of 
the fluoride-rich matrix, which appears to take place relatively quickly. Results are 
supported by previous findings (reported in Section 4.1.5) on the inspection of a 
cross-section (prepared by FIB) of an as-formed film obtained by anodizing 
chemically-etched zirconium under similar experimental conditions (at 40 V to 780 
mC cm-2 in the electrolyte containing 5 vol.% added water), which indicated that the 
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nanotube material occupies ∼65% of the total volume occupied by the film material 
(nanotube material + fluoride-rich matrix).  
Figure 5.13a shows the RBS experimental spectra of a specimen anodized in the 
electrolyte containing no added water, before and after ageing in the formation 
electrolyte for 1 h. A step in the yield of zirconium indicates the presence of 
zirconium in the films; the width of this step decreases significantly by ∼80% after 1 
h of immersion in the electrolyte, suggesting the loss of a significant amount of 
zirconium from the film. Yields of oxygen, fluorine, carbon and nitrogen cannot be 
clearly disclosed in the two spectra. Unfortunately, possible detachment (due to the 
dissolution of the fluoride-rich matrix in which the nanotubes of the as-formed film 
were embedded) of the films formed and aged in the electrolyte containing no added 
water for 3 and 24 h affected RBS results, as evidenced in Fig. 5.13b. Figure 5.13b 
reveals a slight step in the yield of the zirconium in the spectrum of the specimen 
aged for 3 h, which suggests the presence of a very thin film; this step cannot be 
disclosed in the spectrum of the specimen aged in the formation electrolyte for the 
longest immersion time (24 h). Following immersion for times between 1 and 3 h, 
loss of zirconium due to the almost complete dissolution of the fluoride-rich matrix 
was expected from the findings of SEM and TEM presented in Section 5.1. By 
considering data reported in Section 4.1.5 (relating to TEM investigations of film 
cross-sections prepared by FIB), the volume occupied by the nanotube material of an 
as-formed film, grown under similar conditions, is ∼11% of the total volume 
occupied by the film material (nanotube material + fluoride-rich matrix). Thus, the 
step in the yield of zirconium in the spectrum of the specimen aged for 3 h may be 
attributed to the remaining nanotubular film, which may have partially detached from 
the substrate, as considered later.  
NRA oxygen/fluorine peaks of the film grown in the electrolyte containing no 
added water, before and after ageing in the formation electrolyte for differing times, 
are displayed in Fig. 5.14. The amount of fluorine in the film considerably reduced 
by ∼50 and 80% following ageing in the formation electrolyte for 1 and 3 h 
respectively; no significant further loss of fluorine occurred for prolonged immersion 
times (up to 24 h). In contrast, the amount of oxygen present in the film aged in the 
formation electrolyte for 1 h was similar to that of the as-formed film, indicating no 
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appreciable loss of the oxide-rich nanotube material. The amount of oxygen in the 
films decreased by ∼20 and 30% following immersion in the formation electrolyte 
for 3 and 24 h respectively, suggesting detachment of the nanotube material from the 
zirconium substrate. Because of the partial, or total, detachment of the films aged for 
3 and 24 h, the RBS and NRA data relating to these films were not considered useful 
to investigate their compositions.  
The RBS experimental spectra of the film formed in the electrolyte containing no 
added water, before and after ageing in the formation electrolyte for 1 h, were fitted 
according to NRA results following the procedures described in Section 4.1.3. The 
resulting O:Zr and F:Zr (to an accuracy of ± 0.1) and the number of zirconium atoms 
are reported in Table 5.2. C:Zr increased from 0.15 for the as-formed film to 0.30 for 
the aged specimen (to an accuracy of ± 0.15); N:Zr of 0.05 (to an accuracy of ± 
0.025), compared with N:Zr of 0.03 for the as-formed film, was estimated for the 
specimen aged for 1 h.  
 
5.2.2 - Specimens aged in deionized water 
SEM and TEM investigations (see Section 5.1) revealed that morphologies of the 
films formed in the electrolytes containing either 0 or 5 vol.% added water did not 
significantly change following ageing in deionized water for different times (up to 24 
h). As shown in Figs. 5.1b, 5.5b and 5.7, after ageing in deionized water, nanotubes 
were still embedded in the fluoride-rich matrix, suggesting that the latter did not 
dissolve for immersion times up to 24 h. RBS and NRA results (Fig. 5.15) confirmed 
the previous observations. As displayed in Figs. 5.15a and 5.15c, for films formed in 
the electrolyte containing 0 and 5 vol.% added water respectively, RBS experimental 
spectra of the specimens aged in deionized water did not appreciably differ from 
those of the as-formed films, suggesting unchanged thicknesses and similar 
compositions of the films before and after ageing.  
NRA oxygen/fluorine peaks are shown in Figs. 5.15b and 5.15d for the films 
formed in the electrolyte containing 0 and 5 vol.% added water respectively, before 
(0 h) and after ageing in deionized water for 1 and 24 h. As can be observed in Fig. 
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5.15b, NRA oxygen/fluorine peaks were not completely overlapping for the film 
formed in the electrolyte containing no added water, with the presence of a higher 
amount of fluorine in the aged specimens (Fig. 5.15b). This dissimilarity is not 
attributed to the ageing in deionized water, since the morphology of the aged films 
did not significantly vary following ageing for times up to 24 h (as described in 
Section 5.1) and there was no source for incorporation of additional fluorine into the 
films, but to variations in the composition of the as-formed film (see Tables 4.3 and 
4.4). Data were fitted, according to the procedures described in Section 4.1.3. Results 
from the fitting of RBS experimental spectra (O:Zr and F:Zr and the number of 
zirconium atoms in the films) are reported in Table 5.3. As expected, the number of 
zirconium atoms in the films and the compositions of the films formed in the 
electrolytes containing either 0 or 5 vol.% added water were almost unchanged after 
ageing in deionized water for times up to 24 h. 
 
5.3 - Considerations on the ageing of the anodic films 
Anodic films formed at 40 V in 0.35 M ammonium fluoride in glycerol to a 
similar final charge density showed a porous morphology, comprising oxide-rich 
nanotubes in a fluoride-rich matrix. The addition of water to the electrolyte reduced 
the amount of fluorine in the films and promoted inter-tubular fracture, in preference 
to trans-tubular fracture, and the growth of straighter and thicker nanotubes (see 
Section 4.1). Ageing in the formation electrolyte exposed the nanotubes, as evident 
by results from SEM and TEM that are shown in Figs. 5.1a, 5.4, 5.5a, 5.6 and 5.10. 
The morphological evidence was confirmed by RBS and NRA, which disclosed that 
the amounts of zirconium and fluorine in the films (Table 5.2) were reduced 
significantly following ageing. The findings indicate the instability of the fluoride-
rich matrix in the formation electrolyte under natural immersion conditions. Some 
loss of the fluoride-rich matrix may therefore occur during the growth of the films. 
The extent of the loss of zirconium fluoride will depend upon the time at which the 
electrolyte is able to gain access to the matrix regions. The matrix may be reached 
through breaching of the oxide-based layer at the film surface, where pores are first 
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formed, or of the walls and the bases of the nanotubes. Penetration of these regions 
of the film, which are comparatively oxide-rich, may be due to chemical or 
mechanical influences and may be localized at flaws that are generated during 
formation of the film material, for instance above sites of impurities in the zirconium 
substrate. At these locations, zones may exist where the composition, morphology 
and structure of the film and the stress within the film are modified significantly, 
compared with the adjacent film formed over the regions of the substrate composed 
of relatively pure zirconium. 
During ageing in the formation electrolyte, gas evolution occurred, suggesting 
that the following cathodic (eq. 5.1) reaction takes place at the zirconium substrate in 
those regions where the fluoride-rich material was dissolved: 
4H+ + 4e- → 2H2         (eq. 5.1) 
The accompanying anodic reaction (eq. 5.2) of dissolution of zirconium 
 Zr → Zr4+ + 4e-        (eq. 5.2) 
results in the formation of corrosion products (see Fig. 5.9), probably zirconium 
oxide/hydroxide and/or fluorine-rich compounds (as ZrOF2 and or ZrF4), on the 
zirconium substrate. By increasing the immersion time, chemical dissolution of the 
fluoride-rich material is enhanced, with promotion of reactions of (eq. 5.1) and (eq. 
5.2), as the zirconium substrate is exposed to the electrolyte.  
The compositions (Table 5.2) of the films formed and aged in the electrolyte 
containing 5 vol.% added water for times from 1 to 6 h do not differ greatly and, 
neglecting possible influences of corrosion products, may approximate to the 
composition of the nanotube material, with O:Zr, F:Zr, C:Zr and N:Zr of ∼1.9, 1.0, 
0.1 and 0.05 respectively.  
In contrast, ageing in deionized water had little influence on morphologies and 
compositions of the films. During ageing of the anodized specimens in deionized 
water, the loss of the fluoride-rich matrix from around the nanotubes was negligible. 
The retention of the matrix material could be explained by the low rate of dissolution 
of ZrF4 in water near ambient temperature.  
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5.4 - Figures and Tables 
 
 
vol. % added water ageing time / h Dext / nm Dint / nm nanotube base / nm 
0 
1 64 ± 8 43 ± 11 9 ± 2 
 3 53 ± 12 40 ± 9 10 ± 2 
 6 57 ± 10 38 ± 6 11 ± 2 
 24 61 ± 13 40 ± 8 11 ± 3 
5 
1 51 ± 6 36 ± 5 17 ± 4 
 3 50 ± 7 30 ± 5 17 ± 5 
 6 48 ± 8 30 ± 6 17 ± 3 
 24 48 ± 7 28 ± 7 19 ± 3 
 
Table 5.1 – Characteristic sizes (estimated to an accuracy of ± 5 nm) of nanotubes formed on 
chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol 
containing 0 and 5 vol.% added water, at room temperature, and aged in the formation electrolyte for 
differing times. 
 
 
 
vol.% added water ageing time / h O:Zr F:Zr Zr atoms cm-2 
0 
0 0.9 2.6 9.8 x 1017 
1 2.2 1.3 3.3 x 1017 
5 
0 1.8 1.6 9.9 x 1017 
1 1.9 1.0 7.5 x 1017 
3 1.9 1.0 7.3 x 1017 
6 1.9 1.0 6.6 x 1017 
24 1.4 0.5 9.6 x 1017 
 
Table 5.2 – O:Zr and F:Zr (from RBS and NRA data and calculated to an accuracy of ± 0.1) and the 
number of zirconium atoms in the films (obtained from RBS) relating to anodic films formed on 
chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing 0 and 5 vol.% added water, at room temperature, before (0 h) and after ageing in the 
formation electrolyte for differing times. 
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vol.% added water ageing time / h O:Zr F:Zr Zr atoms cm-2 
0 
0 1.0 2.6 9.1 x 1017 
1 0.9 2.6 1.0 x 1018 
24 0.9 2.6 1.0 x 1018 
5 
0 1.7 1.6 9.9 x 1017 
1 1.7 1.6 9.8 x 1017 
24 1.7 1.6 9.8 x 1017 
 
Table 5.3 – O:Zr and F:Zr (from RBS and NRA data and calculated to an accuracy of ± 0.1) and the 
number of zirconium atoms in the films (obtained from RBS) relating to anodic films formed on 
chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing 0 and 5 vol.% added water, at room temperature, before (0 h) and after ageing in deionized 
water for 1 and 24 h. 
 
 
 
 
 
 
Figure 5.1 – Scanning electron micrographs (secondary electron mode) of an anodic film formed on 
chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing no added water, at room temperature, after ageing in the (a) formation electrolyte and (b) 
deionized water for 24 h. 
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Figure 5.2 – Scanning electron micrographs (secondary electron mode) of the surface of an anodic 
film formed on chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing no added water, at room temperature, after ageing in the (a) formation electrolyte 
and (b) deionized water for 24 h. 
 
 
 
 
Figure 5.3 – Scanning electron micrograph (secondary electron mode) of the surface of an anodic film 
formed on chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing no added water, at room temperature, after ageing in the formation electrolyte for 
24 h. 
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Figure 5.4 – Bright-field transmission electron micrographs of nanotube bases of an anodic film 
formed on chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing no added water, at room temperature, after ageing in the formation electrolyte for 
(a) 1 h, (b) 3 h, (c) 6 h and (d) 24 h. 
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Figure 5.5 – Scanning electron micrographs (secondary electron mode) of an anodic film formed on 
chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing 5 vol.% added water, at room temperature, after ageing in the (a) formation electrolyte and 
(b) deionized water for 24 h. 
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Figure 5.6 – Bright-field transmission electron micrographs of nanotube bases of an anodic film 
formed on chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing 5 vol.%  added water, at room temperature, after ageing in the formation 
electrolyte for (a) 1 h, (b) 3 h, (c) 6 h and (d) 24 h. 
 
 
Figure 5.7 – Bright-field transmission electron micrograph of nanotube bases of an anodic film 
formed on chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing 5 vol.%  added water, at room temperature, after ageing in deionized water for 24 
h. 
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Figure 5.8 – Scanning electron micrographs (secondary electron mode) of the regions at the base of 
anodic films formed on chemically-etched zirconium to 780 mC cm-2 at 40 V in 0.35 M ammonium 
fluoride in glycerol, containing (a) 0 and (b) 5 vol.% added water  at room temperature, after ageing in 
deionized water for 3 h. 
 
 
 
 
 
Figure 5.9 – Scanning electron micrographs (secondary electron mode) of the regions at the base of 
anodic films formed on chemically-etched zirconium to 780 mC cm-2 at 40 V in 0.35 M ammonium 
fluoride in glycerol, containing (a) 0 and (b) 5 vol.% added water  at room temperature, after ageing in 
the formation electrolyte for 3 h. 
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Figure 5.10 – Dark-field transmission electron micrographs (with coupled high-resolution EDX 
spectra) of nanotubes formed on chemically-etched zirconium at 40 V to 780 mC cm-2 in 0.35 M 
ammonium fluoride in glycerol, containing (a) 0 and (b) 5 vol.% added water, at room temperature, 
and aged in the formation electrolyte for 24 h.  
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Figure 5.11 – (a) RBS experimental spectra of the chemically-etched zirconium anodized at 40 V to 
780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 5 vol.% added water, before (0 h) 
and after ageing in the formation electrolyte for 1 h. (b) RBS experimental spectra of the chemically-
etched zirconium anodized at 40 V to 780 mC cm-2 in the electrolyte containing 5 vol.% added water 
and aged in the formation electrolyte for differing times. 
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Figure 5.12 – (a) NRA spectra for the chemically-etched zirconium anodized at 40 V to 780 mC cm-2 
in 0.35 M ammonium fluoride in glycerol, containing 5 vol.% added water, at room temperature, 
before (0 h) and after ageing in the formation electrolyte for differing times. (b) Oxygen/fluorine and 
(c) carbon peaks. 
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Figure 5.13 – (a) RBS experimental spectra of the chemically-etched zirconium anodized at 40 V to 
780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing no added water, at room 
temperature, before (0 h) and after ageing in the formation electrolyte for 1 h. (b) RBS experimental 
spectra of the chemically-etched zirconium anodized at 40 V to 780 mC cm-2 in the electrolyte 
containing no added water and aged in the formation electrolyte for differing times. 
 
 
 
Figure 5.14 – NRA oxygen/fluorine peaks of the chemically-etched zirconium anodized at 40 V to 
780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing no added water, at room 
temperature, before (0 h) and after ageing in the formation electrolyte for differing times. 
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Figure 5.15 – (a, c) RBS experimental spectra and (b, d) NRA oxygen/fluorine peaks of the 
chemically-etched zirconium anodized  at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing (a, b) 0 and (c, d) 5 vol.% added water, at room temperature, before (0 h) and 
after ageing in deionized water for 1 and 24 h. 
 
 
 
 
 
Chapter 6 - Anodic films formed on chemically-etched zirconium at 20 V in 
0.35 M ammonium fluoride in glycerol 
 
187 
Chapter 6 - Anodic films formed on chemically-
etched zirconium at 20 V in 0.35 M ammonium 
fluoride in glycerol 
Influences of the formation voltage on the morphologies and/or compositions of 
the anodic films formed on the chemically-etched zirconium in 0.35 M ammonium 
fluoride in glycerol (containing 0, 1 and 5 vol.% added water) were examined by 
anodizing zirconium at 20 V to 780 mC cm-2. The morphologies of the resulting 
films were investigated by SEM and TEM, whereas their compositions were 
analysed by RBS and NRA. Moreover, a cross-section of a specimen anodized in the 
electrolyte containing 5 vol.% added water was milled by FIB and analysed by high-
resolution TEM/EDX analysis. Results were compared with previous ones relating to 
films formed at 40 V in similar electrolytes (Section 4.1).  
 
6.1 - Anodizing 
The dependence of current and charge densities on time during anodizing of the 
chemically-etched zirconium at 20 V to 780 mC cm-2 in electrolytes containing 
different amounts of added water (up to 5 vol.%) are displayed in Figs. 6.1a and 6.1b 
respectively. As reported in Section 4.1.1 for chemically-etched zirconium anodized 
at 40 V in similar electrolytes, at the initial stage of anodizing a relatively rapid 
decrease in the current density is observed; the current density continues to decrease, 
but more slowly, following further anodizing. Higher current densities were recorded 
when additions of water were made to the electrolyte than in the absence of added 
water; moreover, the current density recorded in the later stage of anodizing of the 
zirconium at 20 V was significantly lower than that recorded at 40 V in similar 
electrolytes. Experiments were repeated twice for each electrolyte employed, with 
resulting different current density values (values are reported in Table 6.1, with 
ranges of current densities for anodizing at 40 V given in Table 4.1) recorded 
towards the termination of anodizing in electrolytes nominally containing the same 
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amount of added water. The different values of current density may be attributed to 
the same causes suggested in Section 4.1.1.  
 
6.2 - Morphologies and structures of the anodic films 
Cross-sections of the films formed in electrolytes containing different amounts 
of added water, prepared by scraping the films from the anodized regions of the 
specimens, are displayed in the scanning electron micrographs of Fig. 6.2. The films 
showed a total thickness in the range from 620 to 750 nm, irrespective of the amount 
of water added to the electrolyte. The general morphologies of the films appeared to 
be similar to those of the films formed at 40 V in similar electrolytes (see Section 
4.1.2): films formed in the electrolyte containing no added water showed a porous 
appearance (Fig. 6.2a), whereas films grown with added water (Figs. 6.2b and 6.2c) 
were characterized by a nanotubular morphology, which was not significantly 
influenced by varying the amount of added water (from 1 to 5 vol.%). Smaller 
diameters were obtained for the nanotubes formed at 20 V compared with those of 
the nanotubes grown at 40 V under similar conditions (Figs. 4.2b and 4.2c), 
suggesting an influence of the applied voltage on the characteristic nanotube sizes 
(results were confirmed by TEM analysis reported later in this Section). As revealed 
in Fig. 6.2a, a barrier layer (with a thickness in the range from 40 to 65 nm) is 
observed at the base of the pores (up to 42 nm diameter) of the film formed in the 
electrolyte containing no added water; similarly to the film formed at 40 V in a 
similar electrolyte (as displayed in Figs. 4.2a and 4.6b), pores sometimes branch and 
show a relatively rough morphology. Moreover, as discussed in Section 4.1.2, the 
region surrounding the pores is of lighter appearance compared with the rest of the 
film, suggesting the presence of film regions of different composition. As is reported 
later (Section 6.3), RBS and NRA results revealed the presence of a large amount of 
fluorine in the present film. Due to the similar morphologies of the films grown at 20 
and 40 V in the electrolyte containing no added water, and according to previous 
findings on the distribution of the species in the film formed at 40 V by high-
resolution TEM/EDX analysis (Section 4.1.5), it is suggested that nanotubes (mainly 
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composed of zirconium, oxygen and fluorine) are embedded in a zirconium-fluoride-
rich matrix also in the case of the film formed at 20 V.  
A scanning electron micrograph of the bottom of the film formed in the 
electrolyte containing 5 vol.% added water is shown in Fig. 6.3. Nanotube bases have 
sizes in the range from 17 to 34 nm. Moreover, as observed for a film formed at 40 V 
in a similar electrolyte (see Fig. 4.4c), the nanotube bases of the films formed with 
added water were covered by a layer of material that partly detached when the films 
were scraped from the zirconium substrate. The layer located at the base of the 
nanotubular film formed at 40 V in the electrolyte containing 5 vol.% added water 
was found to be mainly composed of zirconium and fluorine by high-resolution 
TEM/EDX analysis (see Section 4.1.5); similar results are expected for the films 
formed at 20 V in the electrolytes containing added water.   
The appearance of the film surface was not significantly influenced by the 
amount of water added to the electrolyte, being related to the grain orientations and 
the grain textures of the chemically-etched zirconium, as displayed in the scanning 
electron micrograph of Fig. 6.4 for a film grown in the electrolyte containing no 
added water.  
Bases of nanotubes formed at 20 V in the electrolytes containing 1 and 5 vol.% 
added water are displayed in the bright-field transmission electron micrographs of 
Figs. 6.5a and 6.5b respectively. As clearly revealed in Fig. 6.5, the external walls of 
the nanotubes were surrounded by the intratubular material, which is suggested to 
contain mainly zirconium and fluorine, as found for a film formed at 40 V in the 
electrolyte containing 5 vol.% added water (see Section 4.1.5). Characteristic 
nanotube sizes did not significantly change by varying the addition of water made to 
the electrolyte (from 1 to 5 vol.%); average values, measured by excluding the 
intratubular material, are reported in Table 6.2. Nanotubes formed at 20 V in the 
electrolytes containing added water showed external and internal diameters of ∼28 
and 15 nm respectively, considerably smaller than those (of ∼70 and 40 nm 
respectively) of the nanotubes formed at 40 V under similar conditions. A decrease 
in the thickness of the nanotube bases (from ∼24 to 10 nm) was also observed by 
reducing the applied voltage from 40 to 20 V. The featureless appearance of the 
nanotube and intratubular materials is indicative of an amorphous structure. Due to 
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the porous nature of the film formed in the electrolyte containing no added water, 
single nanotubes did not separate easily by fracture and could not be collected for 
TEM investigations by the scraping procedure.   
 
6.3 - Compositions of the anodic films and determination 
of the efficiencies of film growth  
The compositions of the films formed at 20 V in electrolytes containing different 
amounts of added water were investigated by RBS and NRA. RBS experimental 
spectra of the anodized specimens are shown in Fig. 6.6. A step in the yield of the 
zirconium indicates the presence of zirconium in the films. An increase in the yield 
of zirconium follows the step, corresponding to the metal/anodic film interface, with 
the step having a sloping edge due to the porosity of the films. The difference in the 
heights of steps in the zirconium yields for the films formed in electrolytes 
containing different amounts of added water indicate differences in the film 
compositions. Comparatively small yields from oxygen, fluorine, carbon and 
nitrogen, whose presence in the films was confirmed by NRA (as displayed in Fig. 
6.7), were not well-resolved from the higher signal from the zirconium substrate. 
NRA spectra of the specimens anodized in the electrolytes containing different 
amounts of added water are shown in Fig. 6.7a; enlarged oxygen/fluorine and carbon 
main peaks are shown in Figs. 6.7b and 6.7c respectively. As is disclosed in the 
enlarged oxygen/fluorine main peaks (Fig. 6.7b), the amount of oxygen present in the 
film formed in the electrolyte containing no added water decreased by ∼40 and 50% 
compared with the amounts of oxygen present in the films grown with 1 and 5 vol.% 
added water respectively; conversely, the amount of fluorine for the film grown in 
the absence of added water increased by ∼20 and 45% compared with the amounts of 
fluorine present in the films formed in the electrolytes containing 1 and 5 vol.% 
added water respectively (see Fig. 6.7b).  
Fitting of the RBS experimental spectra was performed by following the 
procedures reported in Section 4.1.3, in agreement with NRA results (Fig. 6.7). O:Zr 
and F:Zr, and the number of zirconium atoms in the films are reported in Table 6.3. 
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C:Zr varied from 0.10 to 0.15 (to an accuracy of ± 0.05); similarly, N:Zr was in the 
range from 0.03 to 0.06 (to an accuracy of ± 0.02). As for the anodic films formed at 
40 V in similar electrolytes (see Section 4.1.3, Table 4.3), O:Zr and F:Zr increased 
and decreased respectively by adding water to the electrolyte. O:Zr increased from 
∼0.8 to 1.3 by adding water to the electrolyte from 0 to 5 vol.%; conversely, F:Zr 
increased from ∼1.7 to 2.8 by reducing the additions of water to the electrolyte from 
5 to 0 vol.%. Compared with the fluorine to oxygen atomic ratios, F:O, of the films 
formed at 40 V in similar electrolytes, F:O increased in the range from 20 to 40% for 
the films formed at 20 V, as is displayed in Fig. 6.8 for films formed to 780 mC cm-2, 
suggesting that the incorporation of fluorine in the films was enhanced with respect 
to the incorporation of oxygen at a lower formation voltage. 
The efficiencies of formation of the anodic films were derived from the ratio 
between the charge density necessary to oxidize the number of zirconium atoms in 
the film - determined by RBS (Table 6.3) - (assuming their presence as Zr4+ ions), 
calculated from (eq. 4.1), and the charge density passed through the cell during 
anodizing. Efficiencies in the range from 79% to 86% were calculated for the films 
grown at 20 V in electrolytes containing different amounts of added water (see Table 
6.3), which were close to those, of ∼78%, estimated for the films formed on the 
chemically-etched zirconium at 40 V in similar electrolytes (see Table 4.3). 
 
6.4 - High-resolution TEM/EDX analyses of the anodic 
films 
In order to determine the distribution of species in the film formed at 20 with 5 
vol.% added water, a cross-section of the specimen was prepared by FIB and 
investigated by high-resolution TEM/EDX analysis. EDX analysis of the light 
nanotube material in the dark-field transmission electron micrograph of Fig. 6.9a 
revealed mainly the presence of zirconium, fluorine and oxygen. Conversely, the 
material of darker appearance, at the base of the film (∼12 nm thick) and along the 
nanotube boundaries, contained principally zirconium and fluorine (as observed in 
Section 4.1.5 for a film formed on the chemically-etched zirconium at 40 V in a 
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similar electrolyte - see Fig. 4.21), as displayed in the EDX spectrum of Fig. 6.9b. 
Evidently, the nanotubes (containing zirconium, oxygen and fluorine) are embedded 
in a zirconium-fluoride-rich matrix, confirming previous findings for films formed at 
40 V in a similar electrolyte (see Section 4.1.5). The barrier layers of the films 
formed in the electrolyte containing 5 vol.% added water are ~19 and ~36 nm thick 
at 20 and 40 V respectively (formation ratios of 0.95 and 0.90 nm V-1), with the 
fluoride layers (∼12 and 10 nm) representing ~0.5 and 0.3 of the barrier layers. From 
Fig. 6.9, a pore population density for the present film of ∼1.3 x 1011 pores cm-2 was 
estimated compared with 2.5 x 1010 pores cm-2 at 40 V; similar porosities of ∼18% 
were estimated for the films formed at 20 and 40 V in the electrolyte containing 5 
vol.% added water.  
 
6.5 - Considerations on the influences of the decreased 
formation voltage on the formation of anodic films on 
chemically-etched zirconium in 0.35 M ammonium fluoride 
in glycerol 
Anodic films formed on chemically-etched zirconium at 20 V in 0.35 M 
ammonium fluoride containing 0, 1 and 5 vol.% added water showed several 
similarities to those grown at 40 V in similar electrolytes.  
The morphologies of films grown at differing voltages in electrolytes nominally 
containing the same amount of added water were relatively similar, with additions of 
small amounts of water promoting the formation of oxide-rich-nanotube rather than 
fluoride-rich material. In the case of the films formed in the electrolytes containing 
added water, characteristic nanotube sizes were significantly reduced by reducing the 
applied formation voltage, as disclosed by TEM analysis (see Tables 4.2 and 6.2). 
Furthermore, the intratubular material (that high-resolution TEM/EDX analysis 
showed to be mainly composed of zirconium and fluorine - see Section 6.4), which 
was sometimes present at the peripheries of the scraped nanotubes formed at 40 V, 
always surrounded the external walls of the nanotubes formed at 20 V, suggesting an 
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increase of the amount of fluorine in the films. RBS and NRA results supported the 
previous suggestion, showing that the compositions of the films were richer in 
fluorine with respect to those of the films formed at 40 V in similar electrolytes, with 
a lower voltage favouring the incorporation of F- ions rather than O2- ions in the 
films.  
A mechanism of growth similar to that described in Section 4.3 is suggested also 
for the films formed at 20 V, with differing migration rates of ions determining the 
distribution of species in the films, as supported by high-resolution TEM/EDX 
analysis of a cross-section of the chemically-etched zirconium anodized in the 
electrolyte containing 5 vol.% added water (see Section 6.4). 
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6.6 - Figures and Tables 
 
 
 
vol.% added water  i / mA cm-2 
0 0.1 - 0.3 
1 1.0 - 2.1 
5 2.5 - 4.0 
 
Table 6.1 – Ranges of current density values achieved towards the termination of anodizing of 
chemically-etched zirconium at 20 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol 
containing 0, 1 and 5 vol.% added water, at room temperature. 
 
 
 
vol.% added water Dext / nm Dint / nm nanotube base / nm 
1 27 ± 5 15 ± 3 9 ± 2 
5 29 ± 6 15 ± 4 10 ± 2 
 
Table 6.2 – Characteristic sizes (estimated to an accuracy of ± 5 nm) of nanotubes formed on 
chemically-etched zirconium at 20 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol 
containing 1 and 5 vol.% added water, at room temperature. 
 
 
 
vol.% added water O:Zr F:Zr Zr atoms cm-2 efficiency 
0 0.8 2.8 9.6 x 1017 80% 
1 1.0 2.0 1.0 x 1018 86% 
5 1.3 1.7 9.5 x 1017 79% 
 
Table 6.3 – O:Zr and F:Zr (from RBS and NRA data and calculated to an accuracy of ± 0.1), the 
number of zirconium atoms in the films (obtained from RBS) and efficiencies of growth of the anodic 
films formed on chemically-etched zirconium at 20 V to 780 mC cm-2 in 0.35 M ammonium fluoride 
in glycerol containing 0, 1 and 5 vol.% added water, at room temperature. 
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Figure 6.1 – Dependence of (a) current and (b) charge densities on time during anodizing of 
chemically-etched zirconium at 20 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing 0, 1 and 5 vol.% added water, at room temperature. 
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Figure 6.2 – Scanning electron micrographs (secondary electron mode) showing anodic films formed 
on chemically-etched zirconium at 20 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol 
containing (a) 0, (b) 1 and (c) 5 vol.% added water, at room temperature. 
 
 
 
 
Figure 6.3 – Scanning electron micrograph (secondary electron mode) showing the morphology of the 
bottom of an anodic film formed on chemically-etched zirconium at 20 V to 780 mC cm-2 in 0.35 M 
ammonium fluoride in glycerol, containing 5 vol.% added water, at room temperature. 
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Figure 6.4 – Scanning electron micrograph (secondary electron mode) showing the surface of an 
anodic film formed on chemically-etched zirconium at 20 V to 780 mC cm-2 in 0.35 M ammonium 
fluoride in glycerol, containing no added water, at room temperature. 
 
 
 
 
 
Figure 6.5 – Bright-field transmission electron micrographs showing the bases of nanotubes formed 
by anodizing chemically-etched zirconium at 20 V to 780 mC cm-2 in 0.35 M ammonium fluoride in 
glycerol, containing (a) 1 and (b) 5 vol.% added water, at room temperature. 
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Figure 6.6 – RBS experimental spectra of the chemically-etched anodized at 20 V to 780 mC cm-2 in 
0.35 M ammonium fluoride in glycerol, containing 0, 1 and 5 vol.% added water, at room 
temperature. 
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Figure 6.7 – (a) NRA spectra for the chemically-etched zirconium anodized at 20 V to 780 mC cm-2 in 
0.35 M ammonium fluoride in glycerol, containing 0, 1 and 5 vol.% added water, at room 
temperature. (b) Oxygen/fluorine and (c) carbon peaks. 
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Figure 6.8 – F:O, estimated by RBS and NRA, for anodic films formed on chemically-etched 
zirconium at 20 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 0, 1 and 5 
vol.% added water, at room temperature. 
 
 
 
Figure 6.9 – Dark-field transmission electron micrographs of FIB cross-section, with coupled EDX 
analyses at the locations of the crosses, of the bottom region of the chemically-etched zirconium 
anodized at 20 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 5 vol.% added 
water, at room temperature. 
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Chapter 7 - Anodic films formed on Zr-17at.%Si 
and Zr-22at.%W alloys at 40 V in 0.35 M ammonium 
fluoride in glycerol 
Zr-Si and Zr-W alloys were deposited, by magnetron-sputtering, on 
electropolished aluminium, following the procedures described in Sections 2.1.2.3 
and 2.1.2.4 respectively. Previous results [112] on amorphous, barrier-type anodic 
films formed on a sputtered Zr-Si alloy (with a composition similar to that of the Zr-
Si alloy employed in this work) showed that Zr4+ ions have an increased migration 
rate with respect to that of Si4+ ions, which were suggested to behave as marker 
species in the films. In [51-53], tungsten was employed as a tracer in order to 
investigate the mechanism of growth of porous anodic alumina, making use of its 
slow migration outwards relatively to Al3+ ions; furthermore, in Section 7.2.5, 
analysis of the distribution of the species in a barrier-type film formed on the Zr-W 
alloy revealed that W6+ ions also show a slower migration rate compared with that of 
Zr4+ ions, as reported for Si4+ ions in [112]. Thus, in the present work, the choice of 
Si and W, as alloying elements, was made expecting a similar “marker/tracer” 
behaviour of Si4+ and W6+ ions in the film base (i.e. barrier layer region) during the 
growth of porous anodic films on the sputtered Zr-Si and Zr-W alloys respectively. 
The alloys were anodized at 40 V in 0.35 M ammonium fluoride in glycerol in 
order to compare the morphologies, structures and compositions of the resulting 
films with those of the films formed on the sputtered zirconium and the chemically-
etched zirconium under similar conditions. The morphologies and structures of the 
specimens before and after anodizing were investigated by SEM and TEM, whereas 
their compositions were analysed by RBS and NRA. Furthermore, FIB cross-sections 
of the Zr-Si and Zr-W alloys anodized in the electrolyte containing 5 vol.% added 
water were examined by high-resolution TEM/EDX analysis. 
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7.1 - Zr-Si as substrate 
7.1.1 - Morphology and composition of the Zr-Si alloy 
A scanning electron micrograph of the surface of the sputtered Zr-Si alloy is 
displayed in Fig. 7.1. The surface of the alloy is characterized by a fine texture, with 
features of ∼45 nm size. 
Figure 7.2 shows the RBS experimental and simulated spectra of the sputtered 
Zr-Si alloy obtained using the RUMP program [154]. In the RBS experimental 
spectrum of Fig. 7.2, the yields in the energy ranges from 1.20 to 1.54 MeV and from 
0.75 to 1.05 MeV are associated with the presence of the zirconium and the silicon 
respectively in the alloy; the yield in the energy range from 0.15 to 0.75 MeV is 
related to the presence of the electropolished aluminium employed as the substrate. 
The yields from the lighter elements (mainly carbon, nitrogen and oxygen) could not 
be disclosed in the spectrum: their signals were low and superimposed on the high 
signal from the aluminium substrate. However, the amounts of oxygen, carbon and 
nitrogen in the alloy were derived by comparison of NRA oxygen, carbon and 
nitrogen peaks (Fig. 7.3) with respect to a reference specimen of known 16O content 
(as described in Section 2.3.5). 
RBS fitting was performed by choosing a thickness and a composition for the 
sputtered alloy which led to amounts of oxygen, carbon and nitrogen similar to the 
values obtained by NRA (Fig. 7.3). 17 at.% silicon (corresponding to a silicon to 
zirconium atomic ratio, Si:Zr, of 0.21) was introduced into the composition in order 
to fit the experimental spectrum. A weighted atomic density of the sputtered alloy of 
0.44 x 1023 atoms cm-3 was used; this value was calculated by considering that 83 
at.% zirconium and 17 at.% silicon were present in the alloy. Atomic densities of 
0.43 x 1023 and 0.49 x 1023 atoms cm-3 were calculated for zirconium and silicon 
respectively from (eq. 3.5) (a density of 2.33 g cm-3 was assumed for the silicon). 
The amount of oxygen in the alloy was calculated by subtracting the oxygen 
contained in ∼5 nm thick, air-formed films at the surfaces of the alloy and 
electropolished aluminium from the total amount of oxygen estimated by NRA (Fig. 
7.3). Following this procedure, 2 at.% oxygen (significantly lower than the amount 
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of oxygen in the sputtered zirconium - see Section 3.2) was determined to be present 
within the alloy. Moreover, 1 at.% carbon was revealed in the deposited alloy; a 
portion of the carbon is probably due to contaminants on the surfaces of the sputtered 
alloy and the electropolished aluminium substrate, due to residual gases in the 
sputtering chamber, as reported in [163], and/or to the storage of specimens before 
and after sputtering respectively, as observed also for the sputtered zirconium layers 
(see Section 3.2) and for the sputtered Zr-W alloy (see Section 7.2.1). Similarly, the 
presence of 0.5 at.% nitrogen, determined within the alloy by RBS and NRA, is 
probably due to residual gases in the sputtering chamber during the alloy deposition. 
 
7.1.2 - Anodizing of the Zr-Si alloy at 40 V in 0.35 M ammonium 
fluoride in glycerol 
The Zr-Si alloy was anodized at 40 V to 430 and 780 mC cm-2 in 0.35 M 
ammonium fluoride in glycerol containing 5 vol.% added water.  
Figure 7.4 shows the dependence of the current density on time during anodizing 
of two specimens to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol 
containing 5 vol.% added water; both the anodizing curves are very similar, 
revealing a good reproducibility of the experiments. As for the sputtered zirconium 
and the chemically-etched zirconium anodized in a similar electrolyte (see Sections 
4.1.1 and 4.2.1), the current density decreased steeply from an initial relatively high 
value, and then more slowly, achieving a value of ∼7.0 mA cm-2 towards the 
termination of anodizing, similar to the final values of current density recorded by 
anodizing the sputtered zirconium under similar conditions - see Table 4.5. This 
behaviour is attributable to the initial growth of a barrier-type film, followed by 
nucleation and growth of pores.  
 
7.1.3 - Morphology and structure of the anodic films  
A scanning electron micrograph of an anodic film formed on the Zr-Si alloy to 
780 mC cm-2 is displayed in Fig. 7.5. The film shows a nanotubular morphology; the 
Chapter 7 - Anodic films formed on Zr-17at.%Si and Zr-22at.%W alloys at 
40 V in 0.35 M ammonium fluoride in glycerol 
 
204 
presence of the approximately hemispherical bottoms of the nanotubes and a thin 
surface layer on the top of the film indicate that the full length of the nanotubes, 
∼700 nm, is displayed. Particulate-like material can be observed on the rough 
external walls of the nanotubes shown in Fig. 7.5, as for the films formed on the 
zirconium substrates under similar conditions (see Sections 4.1.2 and 4.2.2). Previous 
high-resolution TEM/EDX analysis of an anodic film formed on the chemically-
etched zirconium under similar conditions (see Section 4.1.5) showed that the film 
consisted of oxide-rich nanotubes embedded in a fluoride-rich matrix.  
The surface and the bottom of an anodic film formed to 780 mC cm-2 are 
displayed in plan views in Figs. 7.6a, 7.6b and 7.6c, and 7.6d respectively. The 
surface of the film grown on the Zr-Si alloy (see Figs. 7.7a and 7.6b) differs in 
appearance from that of the films formed under similar conditions on the chemically-
etched zirconium and the sputtered zirconium (see Figs. 4.3 and 4.25 respectively), 
being influenced by the topography of the alloy prior to anodizing; in the 
backscattered electron image of Fig. 7.6b, small pores can be more clearly 
distinguished on the film surface. Furthermore, cracks are evident on the top of the 
film in the scanning electron micrograph of Fig. 7.6c, taken at a low magnification, 
which may have occurred during drying of the specimen after anodizing. In the 
scanning electron micrograph of Fig. 7.6d, the bottom of the film, which was scraped 
from the anodized surface of the specimen, is shown, revealing nanotube bases of 
sizes in the range from 40 to 70 nm; furthermore, in some regions, indicated by 
arrows in Fig. 7.6d, well-separated nanotube bases are more distinct than elsewhere, 
suggesting a local detachment of a thin (possibly fluoride-rich) layer, as observed for 
anodic films formed on the chemically-etched zirconium under similar conditions 
(see Figs. 4.4c, 4.20 and 4.21).   
Figure 7.7 displays a bright-field transmission electron micrograph of the base of 
a nanotube formed on the Zr-Si alloy to 780 mC cm-2. The absence of diffraction 
contrast in the nanotube indicates an amorphous structure. A base thickness of 25 ± 3 
nm and external and internal diameters of 67 ± 7 nm and 31 ± 5 nm respectively 
were measured for the present nanotubes by TEM, in agreement with values reported 
previously for nanotubes formed on the zirconium substrates under similar 
conditions (see Tables 4.2 and 4.6).  
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7.1.4 - Composition of the anodic films 
7.1.4.1 - RBS and NRA results  
The composition of an anodic film formed to 430 mC cm-2 was analysed by RBS 
and NRA. The RBS experimental spectrum is shown in Fig. 7.8. In the spectrum, a 
step in the yield of the zirconium is observed due to the presence of zirconium in the 
film; a significantly increased yield of zirconium follows, corresponding to the 
alloy/anodic film interface, with a sloping edge due to the porosity of the film. The 
spectrum discloses a yield due to the fluorine in the anodic film, which partly 
overlaps the yield of the oxygen. The yield related to the silicon, which indicates the 
presence of silicon in the film and the remaining substrate, slightly overlaps the yield 
of the zirconium and the yield of the fluorine. Yields from carbon and nitrogen were 
not resolved in the RBS spectrum, since they are of low magnitude, due to the low 
atomic numbers of carbon and nitrogen and their relatively low concentrations in the 
film, and are situated on a high background signal from the aluminium substrate.  
Figure 7.9 shows the NRA spectrum for the anodic film formed on the sputtered 
Zr-Si alloy; the fluorine peak is evident as a shoulder of the oxygen peak, as also 
observed in Sections 4.1.3 and 4.2.3 for films formed under similar anodizing 
conditions. 
Fitting of the RBS spectrum, according to the procedure described in Section 
4.1.3 (keeping fixed the composition of the remaining sputtered Zr-Si alloy - see 
Section 7.1.1), yielded O:Zr, F:Zr, Si:Zr, C:Zr and N:Zr of ∼1.6, 1.4, 0.31, 0.20 and 
0.03 respectively (O:Zr, F:Zr and C:Zr were determined to an accuracy of ± 0.1, 
whereas N:Zr was determined to an accuracy of ± 0.01). Compared with Si:Zr of 
∼0.21 for the alloy before anodizing, Si:Zr increased to ∼0.31 for the anodic film. 
∼4.0 x 1017 and 1.1 x 1017 zirconium and silicon atoms cm-2 respectively were 
estimated to be present in the film. Thus, an efficiency of film growth of ∼76% was 
calculated from (eq. 4.1), with z, the number of electrons exchanged in the anodic 
oxidation, = 4 for both Zr4+ and Si4+ ions.  
The composition of the anodic film and the efficiency of film growth indicate 
that the loss of silicon to the electrolyte, due to field-assisted dissolution and/or 
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ejection processes, is negligible. If no loss of zirconium to the electrolyte occurred 
during anodizing (leading to an efficiency of film growth of ∼100%, from (eq. 4.1)), 
5.4 x 1017 zirconium atoms cm-2 would be present in the film; this value was 
evaluated by assuming a Si:Zr of 0.21 in the film (as for the as-deposited alloy) and 
considering the number of silicon atoms present in the film, estimated by RBS (1.1 x 
1017 silicon atoms cm-2). The real number of zirconium atoms present in the film (4.0 
x 1017 zirconium atoms cm-2), evaluated by RBS, is ∼73% of this value. The 
difference between the theoretical number of zirconium atoms and the real number of 
zirconium atoms present in the film gives the number of zirconium atoms lost to the 
electrolyte due to field-assisted dissolution and/or ejection processes.  
The efficiency of film growth, η, can be also calculated from (eq. 7.1): 
%100%100
ZrSi
film
Zr
film
Si
Ne4Ne4
Ne4Ne4
η−η−
−−
+
+
=η                   (eq. 7.1) 
where: 
film
SiN = number of silicon atoms cm
-2
 in the film, estimated by RBS; 
film
ZrN = number of zirconium atoms cm
-2
 in the film, estimated by RBS; 
%100
SiN
η
= number of silicon atoms cm-2 in the film, corresponding to an efficiency 
of film growth of ∼100%;  
%100
ZrN
η
= number of zirconium atoms cm-2 in the film, corresponding to an 
efficiency of film growth of ∼100%. 
By assuming that no loss of silicon to the electrolyte occurred during anodizing, 
film
SiN = %100SiN
η
, and, as discussed previously in this Section, %100ZrfilmSi N21.0N
η
=  (by 
considering Si:Zr = 0.21 for the film as for the sputtered alloy), (eq. 7.1) can be 
rearranged as: 
%100
Zr
film
Zr
N
N83.017.0 η+=η         (eq. 7.2) 
From (eq. 7.2), by assuming a 73.0
N
N
%100
Zr
film
Zr
=η , an efficiency of film growth of 77% 
can be calculated, in reasonable agreement with the value of ∼76% estimated from 
(eq. 4.1). 
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7.1.4.2 - High-resolution TEM/EDX analysis  
The dark-field transmission electron micrograph of Fig. 7.10 shows a cross-
section (prepared by FIB) of an anodic film (∼750 nm thick) formed on the Zr-Si 
alloy to 780 mC cm-2. Material is observed in the pores of the tubes, which was 
probably sputtered material deposited during the preparation of the section. As in the 
case of an anodic film formed on the chemically-etched zirconium under similar 
conditions (see Figs. 4.20 and 4.21), a layer (∼15 nm thick) is located between the 
nanotubular film and the remnant of the sputtered Zr-Si alloy (∼65 nm thick). The 
bottom layer and the nanotube material were analysed by high-resolution TEM/EDX 
analysis, along the line profile shown in the dark-field transmission electron 
micrographs of Figs. 7.11 and 7.12. As is displayed in the EDX spectra of Figs. 7.11 
and 7.12, the main elements present in the film were zirconium, silicon, fluorine and 
oxygen; moreover, EDX analysis revealed the presence of three film regions of 
different composition (the layer located between the remaining sputtered alloy and 
the nanotubular film, and inner and outer regions of the nanotubes, which occupy 
∼40 and 60% respectively of the nanotube base), whose interfaces are indicated by 
the red squares in the micrographs of Fig. 7.11, with coupled EDX analyses. 
According to EDX results related to the location indicated in the micrograph of Fig. 
7.12a, the bottom layer seems to contain mainly zirconium, silicon and fluorine, with 
a negligible signal from the oxygen, as observed for a film formed on the chemically-
etched zirconium under similar anodizing conditions (see Fig. 4.21b). Conversely, as 
displayed in Figs. 7.11b, 7.11c, 7.12b and 7.12c, the nanotube base consisted of two 
regions: an inner one and an outer one, around the pores. Both the inner (Fig. 7.12b) 
and outer (Fig. 7.12c) regions contain zirconium, silicon, fluorine and oxygen, with 
the signal from the zirconium decreasing with respect to the signal from the silicon in 
the inner region and the signal of the silicon decreasing with respect to the signal of 
the zirconium in the outer region. Results of EDX analyses suggest different 
migration rates of anionic and cationic species in the film, with F- ions being the 
fastest anions and Si4+ ions, which enrich the inner region of the film, being slower 
compared with Zr4+ ions. However, precision of the EDX analyses on the estimation 
of the relative interfaces between regions of the film of different composition may 
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have been affected by the electron beam hitting simultaneously different film regions 
(see Fig. 7.13).  
 
7.2 - Zr-W as substrate 
7.2.1 - Morphology and composition of the Zr-W alloy 
Figure 7.14a shows a scanning electron micrograph of the surface of the Zr-W 
alloy; the surface of the alloy is characterized by a fine texture, with features of size 
∼40 nm. In the scanning electron micrograph (backscattered electron mode) of Fig. 
7.14b, a cross-section of the sputtered Zr-W alloy (prepared by ultramicrotomy, 
according to the procedure described in Section 2.3.3.1) is shown; the deposited 
layer, adherent to the aluminium substrate and of lighter appearance compared with 
that of the aluminium (indicating a higher average atomic number for the alloy), has 
a thickness of ∼630 nm.  
Figure 7.15 shows the RBS experimental and simulated spectra of the deposited 
Zr-W alloy. In the experimental spectrum, the yield of the tungsten, due to the 
presence of tungsten in the alloy, overlaps the yield of the zirconium; the yield of the 
aluminium, employed as the substrate, and the low yield of the oxygen can also be 
distinguished. Conversely, carbon and nitrogen were not disclosed in the RBS 
spectrum due to their low signals, which are superimposed on the yield of the 
aluminium.  
The amounts of oxygen, carbon and nitrogen in the alloy were derived from 
NRA (Fig. 7.16), as described in Section 2.3.5. The oxygen peak is constituted by 
two peaks, a small one, due to the oxygen present as a contaminant in the alloy 
and/or to an air-formed film on the alloy surface, and a large one, which is related to 
the oxygen contained in a layer at the alloy/electropolished aluminium interface 
formed during the first seconds of sputtering. The oxygen-rich layer may have 
resulted from the presence of oxide on the surface of one of the sputtering targets.  
The RBS experimental spectrum was fitted by introducing 22 at.% tungsten 
(corresponding to a tungsten to zirconium atomic ratio, W:Zr, of 0.3) to the 
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composition of the alloy, with an estimated, from (eq. 3.5), weighted atomic density 
of the alloy of 0.47 x 1023 atoms cm-3 (by assuming densities of 6.5 and 19.3 g cm-3 
for the zirconium and the tungsten, corresponding to atomic densities of 0.43 x 1023 
and 0.63 x 1023 atoms cm-3 respectively). The amount of oxygen present as a 
contaminant in the alloy was derived by integrating the second, small NRA oxygen 
peak and subtracting, from this amount, the oxygen contained in a 5 nm thick, air-
formed film on the alloy surface; the remaining oxygen (obtained by subtracting the 
oxygen incorporated in the alloy from the total amount of oxygen estimated by NRA) 
was introduced into the composition of the initially deposited layer present at the 
alloy/electropolished aluminium interface, which was found to contain mainly 
zirconium, tungsten and oxygen. According to the RBS fitting, the oxygen-rich layer 
was relatively thin, representing ∼15% of the total thickness of the deposited alloy; 
the subsequent anodizing resulted in the formation of an anodic film on the alloy 
region of low concentration of oxygen, which accounted for most of the deposited 
material. Following this procedure, the presence of 2 at.% oxygen, 1 at.% carbon and 
0.2 at.% nitrogen was revealed in the alloy region on which the anodic film was 
grown.  
 
7.2.2 - Anodizing of the Zr-W alloy at 40 V in 0.35 M ammonium 
fluoride in glycerol 
Figures 7.17a and 7.17b show the dependence of current and charge densities 
respectively on time during anodizing of the sputtered Zr-W alloy at 40 V to 430 mC 
cm-2 in 0.35 M ammonium fluoride in glycerol containing 0 and 5 vol.% added 
water. As observed during anodizing of the zirconium substrates and the Zr-Si alloy 
under similar experimental conditions (see Sections 4.1.1, 4.2.1 and 7.1.2), the 
current density (see Fig. 7.17a) decreased steeply from an initial relatively high 
value, and then more slowly following further anodizing. Water additions made to 
the electrolyte increased the current density, with values of ∼0.4 and 9.5 mA cm-2 
achieved towards the termination of anodizing in the electrolytes containing 0 and 5 
vol.% added water respectively. Current density values were closer to those recorded 
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for the chemically-etched zirconium than to those measured for the sputtered 
zirconium to 430 mC cm-2 under similar experimental conditions (0.3 < i < 0.5 mA 
cm-2 and 8.0 < i < 15.0 mA cm-2 were recorded in the electrolytes containing 0 and 5 
vol.% added water respectively for the chemically-etched zirconium, whereas 0.2 < i 
< 0.4 mA cm-2 and 5.5 < i < 8.5 mA cm-2 were recorded in the electrolytes containing 
0 and 5 vol.% added water respectively for the sputtered zirconium and the sputtered 
Zr-Si alloy). 
 
7.2.3 - Morphology and structure of the anodic films  
The morphologies of the anodic films formed on the sputtered Zr-W alloy in the 
electrolytes containing 0 and 5 vol.% added water are displayed in Figs. 7.18a and 
7.18b respectively. The films, ∼320 nm thick, are characterized by a nanotubular 
appearance; furthermore, the presence of particulate material can be observed on the 
external walls of the nanotubes, especially for the film formed in the absence of 
added water (as also noted for the anodic film formed on the sputtered zirconium 
under similar conditions - see Fig. 4.24a). The nanotubular film, removed by 
scraping, formed in the electrolyte containing no added water of Fig. 7.18a is resting 
on the finely porous anodized surface of the specimen. 
The surface of the film formed in the electrolyte containing 5 vol.% added water 
is shown in Fig. 7.19. The fine texture of the surface of the film formed at the initial 
stage of anodizing (Fig. 7.19a) is similar to that of the Zr-W alloy, displayed in Fig. 
7.14a; the presence of pores, of size ∼30 nm, on the surface of the anodic film is 
more evident in the corresponding backscattered electron image of Fig. 7.19b. The 
surface of the film grown in the absence of added water was similar to that of the 
film formed in the electrolyte containing 5 vol.% added water, as previously revealed 
in the scanning electron micrograph of Fig. 7.18a.  
Figures 7.20a and 7.20b show bright-field transmission electron micrographs of 
the base of nanotubes formed in the electrolytes containing 0 and 5 vol.% added 
water respectively. Nanotubes formed in the absence of added water (Fig. 7.20a) 
show features similar to those of the nanotubes formed on the chemically-etched 
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zirconium and aged in the formation electrolyte for several times (see Section 5.1), 
with rough external walls and short protuberances. Thus, the loss of material at the 
peripheries of the nanotubes, probably of different composition with respect to that 
of the nanotube material, is suggested to occur during the preparation of the 
specimens after anodizing. External and internal diameters of 38 ± 8 nm and 24 ± 8 
nm and a base thickness of 10 ± 3 nm were measured by TEM for these nanotubes, 
similar to the characteristic sizes of nanotubes formed on the sputtered zirconium 
under similar conditions (see Table 4.6). Conversely, nanotubes formed on the Zr-W 
alloy in the electrolyte containing 5 vol.% added water were characterized by smooth 
walls (see Fig. 7.20b), with external and internal diameters of 68 ± 12 nm and 31 ± 8 
nm respectively and a base thickness of 31 ± 6 nm, close to the characteristic sizes of 
nanotubes formed on the zirconium substrates (see Tables 4.2 and 4.6) and the 
sputtered Zr-Si alloy (see Section 7.1.3) under similar conditions. The absence of 
diffraction contrast in the nanotubes formed with either 0 or 5 vol.% added water 
indicates an amorphous structure. 
 
7.2.4 - Compositions of the anodic films  
7.2.4.1 - RBS and NRA results  
Figures 7.21a and 7.21b show the RBS experimental spectra of the sputtered Zr-
W alloy anodized in the electrolytes containing 0 and 5 vol.% added water 
respectively. Steps in the yields of the tungsten and zirconium indicate the presence 
of both species in the anodic films. Although specimens were anodized to the same 
charge density, the steps are wider for the film formed in the electrolyte containing 5 
vol.% added water (Fig. 7.21b) than for the film grown in the absence of added water 
(Fig. 7.21a), suggesting a decreased thickness for the latter film, which may be 
attributed to the partial loss of film material (see Fig. 7.20a); both oxygen and 
fluorine were present in the films. The yield of fluorine can be distinguished in both 
the experimental spectra, overlapping the yield of oxygen. The yield of the 
aluminium, due to the aluminium substrate, is also disclosed in the spectra (more 
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clearly in the spectrum of the specimen anodized in the electrolyte containing no 
added water).  
Figure 7.22a shows the NRA spectra of the Zr-W alloy anodized in the 
electrolytes containing 0 and 5 vol.% added water. The oxygen/fluorine and carbon 
main peaks are shown in Fig. 7.22b and Fig. 7.22c respectively; the oxygen peak 
related to the oxygen-rich layer formed at the alloy/electropolished aluminium 
interface (see Section 7.2.1) partly overlaps the fluorine peak, which did not allow a 
qualitative estimation (and comparison) of the fluorine amounts present in the films. 
Fitting of the RBS experimental spectra of Fig. 7.21 was performed as described 
in Section 4.1.3, keeping fixed the composition of the alloy estimated in Section 
7.2.1 and considering the presence of an oxygen-rich layer formed at the 
alloy/electropolished aluminium interface at the beginning of the alloy deposition. 
Tungsten was introduced into the composition of the films in order to get the best 
fitting; W:Zr, O:Zr and F:Zr and the number of zirconium and tungsten atoms in the 
films are reported in Table 7.1. C:Zr and N:Zr were ∼0.25 and 0.15 respectively for 
both the specimens (C:Zr and N:Zr were estimated to accuracies of ± 0.1 and 0.07 
respectively). Compared with W:Zr of ∼0.3 for the alloy before anodizing, W:Zr 
increased to ∼0.7 and 0.4 for the films formed in the electrolytes containing 0 and 5 
vol.% added water respectively. O:Zr in the films decreased from ∼3.0 to 2.5 by 
increasing the amount of water added to the electrolyte from 0 to 5 vol.% added 
water; conversely, F:Zr, ∼0.85, was almost unchanged for both the films. 
By considering the number of zirconium and tungsten atoms present in the films, 
estimated by RBS and reported in Table 7.1, efficiencies of film growth were 
evaluated from (eq. 4.1) with z, the number of electrons exchanged in the anodic 
oxidation, = 4 and 6 for Zr4+ and W6+ ions respectively.  
A significantly low efficiency of ∼42% was estimated for the film formed in the 
absence of added water, which is possibly due to the analysis being carried out in 
regions where a partial detachment of the nanotubular film occurred, leaving exposed 
a possibly tungsten-enriched layer located at the nanotubular film/alloy interface. 
Conversely, an efficiency of ∼84% was calculated for the anodic film grown in 
the electrolyte containing 5 vol.% added water. The composition of the anodic film 
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and the efficiency of film growth suggest that the loss of tungsten to the electrolyte, 
due to field-assisted dissolution and/or ejection processes, is negligible, as 
considered in the following. By assuming a W:Zr of 0.3 (as in the case of the as-
deposited alloy) and considering the number of tungsten atoms in the film, estimated 
by RBS, 4.7 x 1017 zirconium atoms cm-2 would be present in the film, if no loss of 
zirconium to the electrolyte occurred during anodizing, from (eq. 4.1). In 
comparison, the number of zirconium atoms actually present in the film (3.6 x 1017 
zirconium atoms cm-2), evaluated by RBS, is 81% of this value. The difference 
between the theoretical number of zirconium atoms and the real number of zirconium 
atoms present in the film gives the number of zirconium atoms lost to the electrolyte 
due to field-assisted dissolution and/or ejection processes.  
The efficiency of film growth, η, can be then calculated from (eq. 7.3): 
%100%100
ZrW
film
Zr
film
W
Ne4Ne6
Ne4Ne6
η−η−
−−
+
+
=η       (eq. 7.3) 
where: 
film
WN = number of tungsten atoms cm
-2
 in the film, estimated by RBS; 
film
ZrN = number of zirconium atoms cm
-2
 in the film, estimated by RBS; 
%100
WN
η
= number of tungsten atoms cm-2 in the film, corresponding to an 
efficiency of film growth of ∼100%;  
%100
ZrN
η
= number of zirconium atoms cm-2 in the film, corresponding to an 
efficiency of film growth of ∼100%. 
By assuming that no loss of tungsten to the electrolyte occurred during 
anodizing, filmWN = %100WN
η
, and, as discussed previously in this Section, 
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= , (eq. 7.3) can be rearranged as: 
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From (eq. 7.4), by assuming a 81.0
N
N
%100
Zr
film
Zr
=η , an efficiency of film growth of 87% 
can be calculated, in reasonable agreement with the value of ∼84% estimated from 
(eq. 4.1).  
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7.2.4.2 - High-resolution TEM/EDX analysis  
A dark-field transmission electron micrograph of the base of the Zr-W alloy 
anodized in the electrolyte containing 5 vol.% added water (the specimen cross-
section was prepared by FIB) is shown in Fig. 7.23a. The anodic film has a 
nanotubular appearance, with a layer (∼10 nm thick) located at its base. Profiles, 
obtained by EDX, of the main elements (zirconium, tungsten, oxygen and fluorine) 
present in the specimen are displayed in Fig. 7.23b; in both the micrograph and the 
profiles, the black, dashed lines indicate interfaces between regions of the film base 
of different composition. Three main regions of the film can be distinguished by 
observing the element profiles of Fig. 7.23b; an outer and an inner region, 
constituting the nanotubes, and the bottom layer. According to the element profiles, 
in the outer region, which is ∼55% of the nanotube base, the signal of the zirconium 
is higher than that of the tungsten; conversely, in the inner region, which constitutes 
∼45% of the nanotube base, the signal from the zirconium is decreased with respect 
to the signal from the tungsten. The signals of zirconium and tungsten in the bottom 
layer are similar to those recorded for the inner region of the nanotube base, with the 
signal from zirconium increasing, moving towards the anodic film/alloy interface. 
According to the EDX profiles of Fig. 7.23b, the signals of oxygen and fluorine are 
low and similar for all the three film regions.  
EDX analysis was performed along the line profile displayed in the micrograph 
of Fig. 7.23a. The EDX spectra of Fig. 7.24, related to the locations (a, b, c), 
indicated by the red dots in the micrograph of Fig. 7.23a and by red, continuous lines 
in the EDX profiles of Fig. 7.23b, are representative of the three regions of different 
composition of the film. As displayed in the EDX spectrum of Fig. 7.24a, the layer 
located at the bottom of the nanotubular film mainly contains zirconium, tungsten, 
oxygen and fluorine, with similar signals from zirconium and tungsten, as can be 
more easily disclosed in the enlarged EDX spectrum of Fig. 7.24a. Despite previous 
results reported for the fluoride-rich layer located at the base of porous anodic films 
formed on the chemically-etched zirconium (see Section 4.1.5) and the sputtered Zr-
Si alloy (see Section 7.1.4.2) under similar conditions, the oxygen signal was not 
negligible in the EDX spectra of Fig. 7.24a. However, by observing the EELS 
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oxygen and fluorine profiles of Fig. 7.25b, acquired along the green line in the dark-
field transmission electron micrograph of Fig. 7.25a, the fluorine signal was higher 
compared with the oxygen signal in the region, corresponding to the bottom layer, 
between the arrows of Fig. 7.25. Although a signal from the zirconium, overlapping 
the main signal from the tungsten, can be disclosed in the EDX spectra of Fig. 7.24 
(more easily in the enlarged spectra), its intensity is low as displayed in the EDX 
spectra of Figs. 4.16, 4.18 and 4.21. The nanotube material consisted of zirconium, 
tungsten, oxygen and fluorine, as shown in the EDX spectra relating to the locations 
(b, c) indicated in the dark-field transmission electron micrograph of Fig. 7.23a. 
According to the EDX results shown in Fig. 7.24c and to the element profiles of Fig. 
7.23b, the outer region, surrounding the nanotube pores, appears zirconium-enriched 
due to the relatively higher signal from the zirconium compared with that of the 
tungsten. Conversely, the remainder of the nanotube material (inner region) seems 
tungsten-enriched, due to the relatively higher signal of the tungsten compared with 
that of the zirconium in the EDX spectra of Fig. 7.24b. The distribution of the cations 
in the nanotube base is suggested to be due to different migration rates of Zr4+ and 
W6+ ions, with W6+ ions being the slowest species.  
Furthermore, the material (possibly partly removed during the preparation of the 
specimen) at the peripheries of the nanotubes (see the dark-field transmission 
electron micrograph of Fig. 7.26) seemed to be tungsten-rich, as suggested by the 
higher signal of the tungsten compared with that of the zirconium in the enlarged 
EDX spectrum of Fig. 7.26. 
 
7.2.5 - Distribution of species in a barrier-type film formed on the 
Zr-W alloy 
In order to determine the distribution of species and evaluate the relative cation 
migration rates in a barrier-type film formed on the Zr-W alloy, the alloy was 
anodized at 1 mA cm-2 to 150 V in 0.1 M ammonium pentaborate and analysed then 
by GDOES.  
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After an initial surge in potential (until ∼1.0 V (SCE)) - due to a thin air-formed 
oxide film - only one linear region, with a slope of 0.3 V s-1, is observed by 
anodizing the sputtered Zr-W alloy (see Fig. 7.27a). The value obtained for this slope 
is similar to that obtained for the second slope, of 0.28 V s-1, of the anodizing curve 
related to the sputtered zirconium (see Fig. 3.8).  
The GDOES depth profiles are displayed in Fig. 7.27b; the wavy profile of 
tungsten results from interference of emitted light. From the GDOES results, the 
signal from the tungsten is almost absent in the region of the profile corresponding to 
the outer part of the film, adjacent to the anodic film/electrolyte interface. In contrast, 
a signal from boron is evident only in the outer region of the film, due to the 
incorporation of boron species from the electrolyte. By assuming a constant 
sputtering rate, the relative thickness of the outer region of the film was evaluated 
from the ratios of the time of sputtering of the tungsten-free region, measured at the 
half-height of the tungsten signal, compared with the time of sputtering of the anodic 
film, measured at half-heights of zirconium, tungsten, and oxygen signals, at 
locations corresponding to the film surface and anodic film/alloy interface 
respectively. Thus, the outer part of the anodic film, mainly containing zirconium, 
oxygen and boron, corresponds to ∼15% of the total film thickness. According to the 
GDOES depth profiles, the outer region of the present film is tungsten-free, 
confirming that W6+ ions migrates outwards more slowly than Zr4+ ions in the 
barrier-type films formed in 0.1 M ammonium pentaborate, as suggested by 
TEM/EDX results, reported in Section 7.2.4.2, for the nanotube base of an anodic 
film formed on the sputtered Zr-W alloy.  
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7.3 - Figures and Tables 
 
 
 
 
vol.% added 
water W:Zr O:Zr F:Zr Zr atoms cm
-2
 W atoms cm-2 efficiency 
0 0.7 3.0 0.85 2.5 x 1017 1.4 x 1017 42% 
5 0.4 2.5 0.85 3.6 x 1017 1.3 x 1017 84% 
 
Table 7.1 – W:Zr, O:Zr and F:Zr (from RBS and NRA data and calculated to an accuracy of ± 0.1), 
the number of zirconium and tungsten atoms in the films (obtained from RBS) and efficiencies of 
growth of the anodic films formed on the Zr-W alloy at 40 V to 430 mC cm-2 in 0.35 M ammonium 
fluoride in glycerol containing 0 and 5 vol.% added water, at room temperature. 
 
 
 
 
 
 
Figure 7.1 – Scanning electron micrograph (secondary electron mode) of the surface of the sputtered 
Zr-Si alloy.  
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Figure 7.2 – RBS experimental and simulated spectra of the Zr-Si alloy sputtered onto electropolished 
aluminium. 
 
 
 
Figure 7.3 – NRA spectrum for the Zr-Si alloy sputtered onto electropolished aluminium. 
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Figure 7.4 – Dependence of the current density on time during anodizing of two sputtered Zr-Si alloy 
specimens at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 5 vol.% 
added water, at room temperature. 
 
 
 
 
 
Figure 7.5 – Scanning electron micrograph (secondary electron mode) showing a scraped cross-
section of an anodic film formed on the sputtered Zr-Si alloy at 40 V to 780 mC cm-2 in 0.35 M 
ammonium fluoride in glycerol, containing 5 vol.% added water, at room temperature. 
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Figure 7.6 – Scanning electron micrographs showing (a,c: secondary electron mode; b: backscattered 
electron mode) top and (d: secondary electron mode) bottom views of an anodic film formed on the 
sputtered Zr-Si alloy at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 5 
vol.% added water, at room temperature. 
 
 
 
 
Figure 7.7 – Bright-field transmission electron micrograph showing the base of a nanotube of an 
anodic film formed on the sputtered Zr-Si alloy at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride 
in glycerol, containing 5 vol.% added water, at room temperature. 
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Figure 7.8 – RBS experimental and simulated spectra of the sputtered Zr-Si anodized at 40 V to 430 
mC cm-2 in 0.35 M ammonium fluoride, containing 5 vol.% added water, at room temperature. 
 
 
 
 
Figure 7.9 – NRA spectrum for the sputtered Zr-Si alloy anodized at 40 V to 430 mC cm-2 in 0.35 M 
ammonium fluoride in glycerol, containing 5 vol.% added water, at room temperature. 
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Figure 7.10 – Dark-field transmission electron micrograph of a cross-section (prepared by FIB) of the 
Zr-Si alloy anodized at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 5 
vol.% added water, at room temperature.  
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Figure 7.11 – High-resolution EDX spectra acquired at the locations indicated by red squares in the 
dark-field transmission electron micrographs relating to the base of a FIB cross-section of the 
sputtered Zr-Si alloy anodized at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing 5 vol.% added water, at room temperature. (a) Bottom layer/sputtered alloy, (b) bottom 
layer/nanotube inner region and (c) nanotube inner region/nanotube outer region interfaces. 
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Figure 7.12 – High-resolution EDX spectra acquired at the locations indicated by red squares in the 
dark-field transmission electron micrographs relating to the base of a FIB cross-section of the 
sputtered Zr-Si alloy anodized at 40 V to 780 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing 5 vol.% added water, at room temperature. (a) Bottom layer, (b) nanotube inner region and 
(c) nanotube outer region.  
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Figure 7.13 – Schematic representation of the electron beam hitting film regions of different 
composition during EDX analyses. 
 
 
 
 
 
Figure 7.14 – Scanning electron micrographs (a: secondary electron mode; b: backscattered electron 
mode) showing (a) the surface of the sputtered Zr-W alloy and (b) an ultramicrotomed section of the 
sputtered Zr-W alloy.  
 
 
Chapter 7 - Anodic films formed on Zr-17at.%Si and Zr-22at.%W alloys at 
40 V in 0.35 M ammonium fluoride in glycerol 
 
226 
 
 
 
Figure 7.15 – RBS experimental and simulated spectra for the sputtered Zr-W alloy. 
 
 
 
 
Figure 7.16 – NRA spectrum for the sputtered Zr-W alloy. 
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Figure 7.17 – Dependence of (a) current and (b) charge densities on time during anodizing of the 
sputtered Zr-W alloy at 40 V to 430 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 0 
and 5 vol.% added water, at room temperature. 
 
 
 
 
 
 
 
Figure 7.18 – Scanning electron micrographs (secondary electron mode) showing anodic films formed 
on the sputtered Zr-W alloy at 40 V to 430 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing (a) 0 and (b) 5 vol.% added water, at room temperature.  
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Figure 7.19 – Scanning electron micrographs (a:secondary electron mode; b: backscattered electron 
mode) showing the surface of an anodic film formed on the sputtered Zr-W alloy at 40 V to 430 mC 
cm-2 in 0.35 M ammonium fluoride in glycerol, containing  5 vol.% added water, at room temperature.  
 
 
 
 
 
 
Figure 7.20 – Bright-field transmission electron micrographs showing the base of nanotubes formed 
on the Zr-W alloy at 40 V to 430 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing (a) 0 
and (b) 5 vol.% added water, at room temperature.  
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Figure 7.21 – RBS experimental and simulated spectra of the sputtered Zr-W alloy anodized at 40 V 
to 430 mC cm-2 in 0.35 M ammonium fluoride, containing (a) 0 and (b) 5 vol.% added water, at room 
temperature. 
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Figure 7.22 – NRA spectra for the sputtered Zr-W anodized at 40 V to 430 mC cm-2 in 0.35 M 
ammonium fluoride in glycerol, containing 0 and 5 vol.% added water, at room temperature. (b) 
Oxygen/fluorine and (c) carbon enlarged peaks. 
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Figure 7.23 – (a) Dark-field transmission electron micrograph and (b) coupled high-resolution EDX 
element profiles related to the base of a FIB cross-section of the sputtered Zr-W alloy anodized at 40 
V to 430 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 5 vol.% added water, at room 
temperature.  
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Figure 7.24 – High-resolution EDX spectra acquired at the locations indicated by red dots in the dark-
field transmission electron micrograph of Fig. 7.23a and by red, continuous lines in the EDX element 
profiles of Fig. 7.23b. (a) Layer located at the bottom of the nanotubular film; (b) inner region of the 
nanotubes; (c) outer region of the nanotubes.  
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Figure 7.25 – (a) Dark-field transmission electron micrograph of the base of a FIB cross-section of the 
sputtered Zr-W alloy anodized at 40 V to 430 mC cm-2 in 0.35 M ammonium fluoride in glycerol, 
containing 5 vol.% added water, at room temperature. (b) EELS oxygen and fluorine profiles recorded 
along the green line in the micrograph of Fig. 7.25a. 
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Figure 7.26 – Dark-field transmission electron micrograph (with coupled high-resolution EDX spectra 
of the material between adjacent nanotubes) of a FIB cross-section of the sputtered Zr-W alloy 
anodized at 40 V to 430 mC cm-2 in 0.35 M ammonium fluoride in glycerol, containing 5 vol.% added 
water, at room temperature.  
 
 
 
 
Figure 7.27 – (a) Dependence of voltage on time during anodizing of the sputtered Zr-W alloy at 1 
mAcm-2 to 150 V in 0.1 M ammonium pentaborate, at room temperature. (b) GDOES elemental depth 
profiles for the anodized specimen of Fig. 7.27a. 
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Overall Conclusions 
Amorphous porous anodic films were formed by anodizing zirconium 
(chemically-etched and sputtered substrates) at either 20 or 40 V in 0.35 M 
ammonium fluoride in glycerol, with interest in the influences of small additions of 
water (up to 5 vol.%) on the growth, morphologies, structures and compositions of 
the films. Under all the investigated conditions, small additions of water to the 
electrolyte accelerated the rates of film growth, with film thicknesses dependent 
almost linearly on the charge density passed during anodizing (for films grown to ≤ 
2340 mC cm-2). 
Firstly, overall conclusions are summarized for films formed on the chemically-
etched zirconium and hypotheses on the mechanism of film growth are presented; 
results are then compared with those obtained for films formed on the sputtered 
zirconium. Finally, main conclusions regarding the growth of anodic films on the 
sputtered zirconium alloys are presented.  
 
Anodic films formed on the chemically-etched zirconium 
Anodic films formed on the chemically-etched zirconium, at either 20 or 40 V, 
were found, by SEM and TEM, to be porous, consisting of nanotubes (the film 
region around the pores) embedded in a matrix of different composition. The relative 
extent of the two film regions was significantly influenced by introducing small 
additions of water to the electrolyte. The main morphological features of the films 
were the following. 
1. Films formed in the electrolyte containing no added water, at either 20 or 40 
V, showed a porous appearance, with pores having rough edges, sometimes 
branching and generally deviating from straight paths; conversely, the 
formation of straight pores was observed in the porous films formed with 1 
and 5 vol.% added water. 
2. By increasing the applied voltage, from 20 to 40 V, characteristic sizes of 
nanotubes (internal and external diameters and base thickness) formed on the 
chemically-etched zirconium were almost doubled.  
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3. The pore population density and the porosity of the films increased by 
increasing the amount of water added to the electrolyte. Population densities 
of ∼1.0 x 1010 and ∼2.5 x 1010 pores cm-2 and porosities of ∼13 and 18% were 
estimated for films formed at 40 V in the electrolytes containing 0 and 5 
vol.% added water. Moreover, a pore population density of ∼1.3 x 1011 pores 
cm-2 was evaluated for a film formed at 20 V in the electrolyte containing 5 
vol.% added water, increased with respect to that obtained for a film formed 
at 40 V in a similar electrolyte, whereas the porosity of the film did not 
change significantly. 
Compositions of the films formed on the chemically-etched zirconium, at 20 and 
40 V, were quantitatively investigated by RBS and NRA, which revealed the 
presence of zirconium, oxygen, fluorine, carbon and nitrogen in the films. The 
amounts of oxygen and fluorine present in the films were found to be dependent on 
the amount of water added to the electrolyte and the formation voltage. In contrast, 
any systematic dependence of the amount of carbon on the applied voltage and/or 
water additions to the electrolyte may have been masked by residues of glycerol in 
the pores of the films and/or carbon species adsorbed on the specimens during their 
storage before composition analyses. Similarly, the presence of nitrogen in the films 
may be due to ammonium species, which were adsorbed on the film surfaces from 
the ammonium fluoride contained in the employed electrolytes. The main findings 
from RBS and NRA are here reported. 
1. The amount of oxygen present the films formed on the chemically-etched 
zirconium increased by increasing water additions, from 0 to 5 vol.%, to the 
electrolyte (with O:Zr increasing from 0.9 to 1.8 at 40 V and from 0.8 to 1.3 
at 20 V). Conversely, the amount of fluorine decreased by increasing the 
amount of water in the electrolyte (F:Zr decreased from 2.6 to 1.5 at 40 V 
and from 2.8 to 1.7 at 20 V). 
2. The compositions of the films formed at 20 V in all the employed electrolytes 
were richer in fluorine with respect to those of the films formed at 40 V in 
similar electrolytes, indicating that a lower voltage favours the incorporation 
of F- ions rather than O2- ions in the films. 
3. By estimating, from RBS, the number of zirconium atoms present in the 
films, efficiencies of film growth ranging from 70 to 96% were calculated 
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under all the investigated conditions. For films formed to charge densities ≤ 
780 mC cm-2, with well-established pores, efficiencies in the range from 70 
to 87% were evaluated. 
In order to get information on the distribution of species in the films, chemically-
etched zirconium anodized at either 20 or 40 V in the electrolytes containing 0 and 5 
vol.% added water was milled by FIB and observed by high-resolution TEM/EDX 
analysis. The main findings from high-resolution TEM/EDX analysis were the 
following. 
1. Porous anodic films formed on the chemically-etched zirconium under all the 
investigated conditions comprised oxide-rich nanotubes, consisting of two 
shells (an outer one around the pores and an inner one), embedded in a 
fluoride-rich matrix.  
2. The extension of the matrix with respect to the nanotube material increased 
by decreasing the amount of water deliberately added to the electrolyte, with 
the volume occupied by the fluoride-rich matrix being ∼89 and 35% of the 
total volume occupied by the film material (volume of the nanotube material 
+ volume of the fluoride-rich matrix) for films formed at 40 V in the 
electrolytes containing 0 and 5 vol.% added water respectively.  
3. The thickness of the fluoride barrier layer at the base of the nanotube material 
increased from ∼10 to 80 nm by decreasing the amount of water added to the 
electrolyte from 5 to 0 vol.%, for films formed at 40 V to 780 cm-2. The ratio 
of the combined thicknesses of the nanotube base and fluoride layer and the 
anodizing voltage are ∼2.3 and 0.9 nm V-1 for the films formed with 0 and 5 
vol.% added water respectively. The formation ratio to grow a barrier-type 
film composed of crystalline anodic zirconium oxide is ∼2.0 nm V-1 [4]. 
Thus, the fluoride layer must support a high electric field that has an order of 
magnitude similar to the field required for ionic migration in anodic oxides. 
4. The thickness of the fluoride barrier layer increased from 10 to 12 nm by 
reducing the applied voltage from 40 to 20 V for films formed on the 
chemically-etched zirconium in the electrolyte containing 5 vol.% added 
water; the barrier layers of the films formed in the electrolyte containing 5 
vol.% added water were ~19 and ~36 nm thick at 20 and 40 V respectively 
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(formation ratios of 0.95 and 0.90 nm V-1), with the fluoride layers (∼12 and 
10 nm) representing ~0.5 and 0.3 of the barrier layers. 
A mechanism of film growth, supported by results from SEM, TEM, RBS, NRA 
and high-resolution TEM/EDX analysis, has been proposed, with the species 
distribution suggested to be due to different migration rates of anions (O2- and F- 
ions, and carbon-containing anions) in the film. The carbon-containing anions, 
derived from the glycerol molecules, are presumed to be the slowest of the migrating 
anions and are therefore restricted to the outer shell of the nanotubes, which is closest 
to the electrolyte. The outer shell is then composed of zirconium, oxygen, fluorine 
and incorporated carbon-species. The faster migrating F- and O2- ions are able to 
migrate through the base of the outer shell to form the inner shell, which contains 
both zirconium oxide and zirconium fluoride. F- ions, being the fastest of the anions, 
migrate across the base of the inner shell to form the zirconium fluoride matrix. 
Simultaneously, Zr4+ ions migrate outwards through the nanotube base to be lost to 
the electrolyte by field-assisted dissolution or ejection processes. The change in the 
film composition, by varying the amounts of water added to the electrolyte, is 
presumed to be due mainly to the relative availabilities of water molecules and F- 
ions in the electrolyte at the pore bases, with additional water molecules promoting 
the formation of zirconium oxide rather than zirconium fluoride in the film. 
Similarly, a lower voltage was found to favour the incorporation of F- ions rather 
than O2- ions in the films.  
The initial growth of the pores may be due to dissolution, with the barrier layer 
thickness sustained by simultaneous growth of new film material. Alternatively, a 
steady thickness of the barrier layer may be achieved by flow of oxide from the 
barrier layer to the nanotube/pore walls under the influence of film growth and 
electrostriction, as suggested for porous anodic alumina [54, 55]. 
In [120, 121, 127, 130-133], the formation of zirconium oxide nanotubes in both 
aqueous and organic electrolytes containing F- or Cl- ions was mainly attributed to 
the dissolution (eqs.  1.24 or 1.25) and simultaneous formation of zirconium oxide 
(eqs. 1.20, 1.21 and 1.23), although the proposed mechanism was not supported by 
any experimental evidence. The presence of fluorine [123, 124, 126, 132] or chlorine 
[120], for films formed in electrolytes containing fluoride or chloride ions 
respectively, was detected in the films, but the techniques (EDX and/or XPS) 
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employed to analyse the specimens gave only qualitative information on the film 
compositions and the distribution of species within the films, useful to understand the 
mechanism of film growth, was not determined. Conversely, in the present work, 
film compositions were quantitatively investigated by RBS and NRA, and 
information on the distribution of film species was obtained by analysing film cross-
sections by high-resolution TEM/EDX analysis, which enabled to get information on 
the relative migration rates of anions in the films and support the presented 
mechanism of film growth. 
In order to investigate possible variations in the morphologies and compositions 
of the films due to dissolution, chemically-etched zirconium was anodized at 40 V in 
the electrolytes containing 0 and 5 vol.% added water and specimens were then aged 
for several times (up to 24 h) in the formation electrolyte. Specimens were also 
immersed in deionized water for similar times, due to the possibility that films may 
be degraded by rinsing of the specimens after anodizing. The major consequences of 
the ageing treatment are here reported. 
1. Ageing in the formation electrolyte for the shortest time (1 h) caused the 
dissolution of the fluoride-rich matrix, transforming the morphology of the 
films from porous to nanotubular. 
2. The compositions of the films formed and aged in the electrolyte containing 5 
vol.% added water for times from 1 to 6 h do not differ greatly and may 
approximate to the composition of the nanotube material, with O:Zr, F:Zr, 
C:Zr and N:Zr of ∼1.9, 1.0, 0.1 and 0.02 respectively. 
3. Ageing in the formation electrolyte of the films formed in the electrolyte 
containing no added water caused the partial, or total, detachment of the 
films, influencing the RBS and NRA data, which were not considered useful 
to investigate the film compositions. 
4. Ageing in deionized water had negligible influence on the film morphologies 
and compositions. 
 
Anodic films formed on the sputtered zirconium 
In the case of films formed on the sputtered zirconium (employed as a substrate 
in order to avoid any need of pretreatment necessary for the bulk zirconium) at 40 V, 
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results were not as good as expected, due to the presence of contaminants (mainly 
oxygen, carbon and nitrogen) in the deposited layers.  
Nanotubular films were formed at 40 V in all the employed electrolytes, with an 
increased amount of remnants of the matrix material at the peripheries of the external 
walls of the nanotubes by reducing the additions of water. The morphological 
differences between the anodic films formed at 40 V on the sputtered zirconium and 
the chemically-etched zirconium probably arise from the contaminants (mainly 
oxygen) present in the sputtered zirconium and/or to the differing grain sizes of the 
original substrates.  
RBS and NRA revealed that the films formed on the sputtered zirconium at 40 V 
in all the employed electrolytes showed O:Zr of ∼1.7, whereas  the content of 
fluorine in the films increased by decreasing the amount of water in the electrolyte 
(with F:Zr increasing from 1.3 to 1.8 by decreasing the amount of water from 5 to 0 
vol.% respectively). Generally, the enhanced F:Zr and reduced O:Zr of films formed 
on the chemically-etched zirconium with respect to those grown on the sputtered 
zirconium under similar experimental conditions probably arise from the oxygen 
impurity coming from the sputtered substrate. RBS results for films formed on the 
sputtered zirconium indicated that ∼85% of the initial zirconium remained after 
anodizing suggesting that the anodizing charge was used entirely in oxidizing the 
zirconium, with negligible influences of other oxidation processes. The loss of the 
zirconium is probably due to field-assisted ejection of Zr4+ ions from the film or 
field-assisted dissolution of the film or to chemical dissolution of the film, or a 
combination of the three processes.  
 
Anodic films formed on the sputtered zirconium alloys 
Anodic films were formed by anodizing sputtered zirconium alloys at 40 V in 
0.35 M ammonium fluoride in glycerol in order to get more information on the 
mechanism of film growth. Si and W were chosen as alloying elements, expecting a 
“marker/tracer” behaviour of Si4+ and W6+ ions in the film base during the growth of 
porous anodic films on sputtered Zr-Si and Zr-W alloys respectively.  
As previously reported for films formed on the zirconium substrates, SEM and 
TEM revealed that porous films were formed on both the zirconium alloys, with 
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nanotubes (with characteristic sizes similar to those measured for films formed on 
the zirconium substrates under similar conditions) embedded in a matrix.  
Results from RBS revealed enrichments of silicon and tungsten in the films 
formed on the sputtered Zr-Si and Zr-W alloys respectively. Efficiencies of growth 
of ∼76 and 84% were determined for the anodic films formed on the Zr-Si and Zr-W 
alloys respectively in the electrolyte containing 5 vol.% added water, suggesting that 
the loss of silicon and tungsten respectively to the electrolyte, due to field-assisted 
dissolution and/or ejection processes, was negligible during anodizing. Moreover, 
high-resolution TEM/EDX analysis showed that the inner regions of the barrier 
layers of the films formed on the Zr-Si and Zr-W alloys were silicon- and tungsten-
enriched respectively, suggesting different migration rates of Zr4+ and Si4+/W6+ ions, 
with the Si4+/W6+ ions being the slowest species.    
 
Future Work 
Although in this work efforts have been made in order to explore the mechanism 
of growth of porous/nanotubular anodic films on zirconium in 0.35 M ammonium 
fluoride in glycerol, important aspects relating to the film growth are still unknown.  
1. Different morphologies were obtained for films formed on the chemically-
etched zirconium at either 20 or 40 V by introducing small water additions to 
the electrolyte (from 0 to 5 vol.%), with oxide-rich nanotube walls thickening 
and becoming straight in the electrolytes containing added water. Recently, 
in [170], the growth of porous anodic films on aluminium was confined in a 
space limited by SiO2 walls, using specially designed specimens formed by 
deposited layers. An abnormal porous morphology (with pores showing short 
protuberances), observed especially when the diameters of the porous cells 
were close to the distance between the two SiO2 walls (with a single pore 
growing as the limiting case), was obtained by anodizing aluminium under 
selected experimental conditions. Oh and Thompson [170] suggested that 
protuberances originated from the suppression of volume expansion due to a 
suppressed plastic flow of the alumina, attributed to traction at the interfaces 
with the confining SiO2 layers. An experiment similar to that reported in 
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[170] could be performed by confining the growth of porous anodic films on 
zirconium in 0.35 M ammonium fluoride in glycerol containing 5 vol.% 
added water; in this electrolyte straight pore walls are expected to grow 
under conditions of unconstrained growth. The eventual formation of rough 
pore walls under constrained conditions would suggest that the film growth is 
mainly governed by electric field-assisted flow.  
2. Compositions of the films formed on the zirconium substrates in 0.35 M 
ammonium fluoride in glycerol changed significantly by adding water to the 
formation electrolyte and varying the applied formation voltage, with the 
relative amounts of fluorine and oxygen in the films decreasing and 
increasing respectively by introducing small additions of water to the 
electrolyte (up to 5 vol.%) and increasing the applied formation voltage 
(from 20 to 40 V). Influences of higher amounts of water, probably 
decreasing the electrolyte resistance, and variations in the formation voltage 
on the growth, morphologies, structures and compositions of the films could 
be more extensively investigated. Higher amounts of water added to the 
electrolyte and variations in the formation voltage are especially expected to 
influence significantly the F:O, and the consequent formation of film regions 
of different composition, related to relative migration rates of anions  within 
the film.   
3. In [50, 75, 88, 110, 111], it is reported that, during anodizing of zirconium 
under experimental conditions leading to the formation of crystalline barrier-
type films, the transport number of Zr4+ ions is almost zero and the majority 
of charge is carried by O2- ions, leading essentially to a growth of the film at 
the metal/oxide interface. Conversely in [112], a transport number of 0.16 
was estimated for Zr4+ ions for amorphous films formed on a sputtered Zr-Si 
alloy. For the present amorphous films, it would be interesting to determine 
the transport numbers of Zr4+, F- and O2- ions and carbon-containing anions, 
which are possibly different in the regions of different composition 
(nanotube inner and outer regions, and fluoride-rich layer) of the barrier 
layer, to better understand the mechanism of film growth.  
4. As reported in Section 1.2.6.1.1, nanotubular anodic films have been 
produced by other investigators by using aqueous electrolytes containing F- 
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ions; compositions of the resulting films have not been quantitatively 
analysed, although the presence of fluorine was detected in the films [121, 
127, 132]. It would be interesting to study the compositions of nanotubular 
anodic films formed in aqueous electrolytes and to determine the distribution 
of species (by high-resolution TEM/EDX analysis) in the films order to get 
information on the relative migration rates of anions in the barrier region of 
the films and compare results with those obtained in the present work for 
films formed in organic electrolytes. 
5. Other metals could be selected as alloying elements, including ones expected 
to migrate outwards faster than Zr4+ ions, for the zirconium in order to better 
understand (and confirm findings of this work) the mechanism of film 
growth under the present anodizing conditions. 
6. Influences of the topography (grain sizes and grain textures) and impurities of 
the zirconium substrate on the film growth, initiation of porosity, 
morphologies, structures and compositions may be investigated. Films 
formed on the chemically-etched zirconium, under all the investigated 
conditions, showed finely porous surfaces, which replicated the topography 
of the chemically-etched zirconium; EBSD could be employed as a technique 
to observe how the film grows on the single grains of the chemically-etched 
substrate. Furthermore, electropolishing [160] could be chosen as an 
alternative pretreatment of the bulk zirconium. In this work, the choice of the 
sputtered zirconium as a substrate was done on this purpose (any 
pretreatment, necessary for the bulk zirconium, was avoided); however, due 
to the relatively high amounts of contaminants (mainly oxygen, carbon and 
nitrogen) within the deposited layers, results were not as good as expected 
and influences of the morphology of the zirconium substrate could not be 
separated from influences of the contaminants on the film growth, 
morphologies, structures and compositions. Improvements of the sputtering 
conditions for the zirconium are required. 
Appendix 
 
244 
Appendix 
A.1 - Analysis of the NRA results 
As described in Section 2.3.5, NRA was employed as a technique to quantify the 
amounts of oxygen, carbon and nitrogen present in the specimens of interest. NO, the 
number of oxygen atoms per unit area, were determined by comparing the integrated 
yields for oxygen, YO, in the NRA spectra of the specimens of interest and the 
integrated yields of a reference specimen of known 16O content. The amounts of 
carbon in the specimens were then determined from the yields for carbon YC and 
cross-section σC for the reaction 12C(d,p0)13C, and yields for oxygen YO and cross-
section σO for the reaction 16O(d,p1)17O, as described in Section 2.3.5. Similarly, the 
amounts of nitrogen in the specimens were evaluated from the yields for nitrogen YN 
and cross-section σN for the reaction 14N(d,p5)15N, and yields for oxygen YO and 
cross-section σO for the reaction 16O(d,p1)17O. The presence of fluorine was also 
revealed in the anodic films formed on zirconium and zirconium alloys in 
fluoride/glycerol electrolytes (see Sections 4.1.3, 4.2.3, 5.2, 6.3, 7.1.4.1 and 7.2.4.1); 
however, the amounts of fluorine in the anodic films were not quantified by NRA 
because data could not be found for the cross-section of the 19F(d,p11,12)20F reaction 
at the relevant energy range. The concentration of fluorine was then assessed by RBS 
by including fluorine in the composition of the anodic films, in agreement with the 
relative areas of the NRA fluorine main peaks relating to films formed under similar 
conditions.  
Amounts of oxygen, carbon and nitrogen estimated by NRA are reported in 
Table A.1 for films formed on the chemically-etched zirconium at 40 V to differing 
charge densities (up to 600 mC cm-2) in 0.35 M ammonium fluoride in glycerol, 
containing no added water (see Fig. 4.14). Moreover, the amounts of fluorine in the 
films were qualitatively estimated by comparing the yields of fluorine for each 
specimen with that obtained for the chemically-etched zirconium anodized to 600 
mC cm-2 (ratios are reported in Table A.1).  
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A.2 - Fitting of RBS data 
The fitting of RBS data was performed by choosing a thickness and a density for 
the films which made the simulated spectrum cut the experimental spectrum at the 
half-height of the step, considered as the average position of depth of the 
metal/anodic film interface, due to the effect of the porosity on the stopping of the 
ions in the film. The zirconium, fluorine, oxygen, carbon and nitrogen contents of the 
anodic films were adjusted to obtain agreement with the RBS experimental data, 
while maintaining close agreement with NRA results for oxygen, carbon and 
nitrogen contents, as described in Section 4.1.3.  
Results from RBS fitting are shown in Table A.2 for anodic films formed on the 
chemically-etched zirconium at 40 V to differing charge densities in 0.35 M 
ammonium fluoride in glycerol, containing no added water. The atomic compositions 
and thicknesses of the films were chosen in agreement with RBS experimental 
spectra of Fig. 4.13 and NRA results for oxygen, carbon and nitrogen amounts 
reported in Table A.2, obtained by following the procedure described in Sections 
2.3.5 and A.1. The concentration of fluorine was assessed by RBS by including 
fluorine in the composition of the films in agreement with the relative areas of the 
NRA fluorine main peaks (see Fig. 4.14b and Table A.1). Thus, the number of 
zirconium, oxygen, fluorine, carbon and nitrogen atoms cm-2, NX, were calculated 
from (eq. A.1): 
X
cm
atomsX xthicknessN
3
×ρ×=         (eq. A.1) 
where: 
thickness, expressed in cm, is a parameter chosen to fit the RBS experimental   
spectrum, as described in this Section and in Section 4.1.3; 
3cm
atomsρ  is the density of the zirconium oxide (0.85 atoms cm-3 - see Section 
3.2), neglecting potential contribution of fluorine, carbon and nitrogen; 
xX is the atomic composition of the X species. 
As can be observed in Tables A.1 and A.2, the numbers of oxygen, carbon and 
nitrogen atoms estimated by RBS are in close agreement with the amounts evaluated 
by NRA. Similarly, the ratios between the number of fluorine atoms present in the 
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films formed to different charge densities and the number of fluorine atoms present 
in the film formed to 600 mC cm-2 are close to the ratios, from NRA, of the 
corresponding yields of fluorine.  
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A.3 - Tables 
 
 
 
 
 
 
 
 
 
 
Table A.1 – Amounts of oxygen, carbon and nitrogen, and ratios between YF evaluated at differing charge densities and at 600 mC cm-2 estimated by NRA for films formed on the 
chemically-etched zirconium at 40 V to differing charge densities (up to 600 mC cm-2) in 0.35 M ammonium fluoride in glycerol, containing no added water (see Fig. 4.14). 
 
 
 
 
 
q / mC cm-2 NRA O atoms cm-2 NRA C atoms cm-2 NRA N atoms cm-2 
2mCcm600F
qF
Y
Y
−
 
180 2.1 x 1017 3.2 x 1016 6.1 x 1015 0.37 
300 2.8 x 1017 4.8 x 1016 1.1 x 1016 0.49 
430 4.6 x 1017 6.8 x 1016 1.3 x 1016 0.76 
600 6.9 x 1017 8.4 x 1016 2.0 x 1016 1.0 
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Table A.2 – Results obtained by fitting the RBS experimental spectra of chemically-etched zirconium at 40 V to differing charge densities (up to 600 mC cm-2) in 0.35 M ammonium 
fluoride in glycerol, containing no added water (see Fig. 4.13). 
q / mC cm-2 Thickness / nm xZr xO xF xC xN Zr atoms cm-2 O atoms cm-2 F atoms cm-2 C atoms cm-2 N atoms cm-2 
180 1500 0.225 0.180 0.563 0.027 0.005 2.7 x 1017 2.3 x 1017 7.1 x 1017 3.4 x 1016 6.3 x 1015 
300 2000 0.217 0.184 0.564 0.028 0.006 3.7 x 1017 3.0 x 1017 9.7 x 1017 4.8 x 1016 1.1 x 1016 
430 3300 0.219 0.186 0.569 0.022 0.004 6.1 x 1017 5.2 x 1017 1.6 x 1018 6.1 x 1016 1.2 x 1016 
600 4450 0.218 0.188 0.567 0.022 0.005 8.2 x 1017 7.1 x 1017 2.1 x 1018 8.2 x 1016 2.1 x 1016 
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